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Atomistic simulations of amorphous alumina surfaces
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The surface structure of amorphous Al,O5; has been studied using atomistic molecular dynamics simula-
tions. The density profiles indicate that oxygen is preferred at the surface causing Al enrichment just below
(<2 A) the surface. Distributions of coordination numbers, bondlengths and bond angles indicate that edge
sharing Al tetrahedra configurations are more preferred at the surface than in the bulk. Structural differences of
amorphous and crystalline alumina surfaces are discussed.
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I. INTRODUCTION

Understanding the structure of amorphous alumina is of
considerable interest because of its role in many technologi-
cally important applications such as catalysts, catalytic sup-
ports, and dielectric barriers. Amorphous alumina can be
produced in a number of ways. For example, anodic oxida-
tion of aluminum in an acidic environment is a well known
technique that produces porous amorphous alumina mem-
branes with pore diameters as small as 30 nm.' Recently,
atomic layer deposition (ALD) was used to modify nano-
porous anodic aluminum oxide membranes with a very pre-
cise pore size control, shrinking down their diameters to be-
low ten nanometers with a narrow distribution.?> The ability
to design AAO membranes with tailor-made compositions
and pore sizes has generated a great interest for use in het-
erogeneous catalysis.’ Additionally, ALD of Al,O has been
used to form amorphous thin films for potential applications
as a high-k dielectric material.*

In the applications mentioned above, the surfaces and in-
terfaces of amorphous alumina layers have a major effect on
their functionality. Therefore, it is important to gain an un-
derstanding of the surface structure in terms of the local
atomic arrangement. First, information on the structure with
respect to coordination number and short range order is es-
sential in identifying binding sites on the surface of amor-
phous alumina catalytic supports. Second, this understanding
is central in developing a detailed description of film growth
by ALD as both the rate and mechanism of growth are
thought to be dependent on the surface structure.

The majority of the existing computational studies of alu-
mina surfaces have considered various crystalline polymor-
phs including corundum (@-alumina) and transition aluminas
(e.g., v- and k-alumina). Because the surface structures of
these crystalline forms of alumina are well established, com-
putational investigations of catalytic reactions’ and ALD
growth® on alumina surfaces have approximated the amor-
phous alumina surface with one of the forms of crystalline
alumina surface. However, it is not evident that the structure
and properties of these highly ordered surfaces represent
those of amorphous alumina since coordination numbers, site
distribution, and surface energies can be quite different in
these two cases. Therefore, computational studies of amor-
phous alumina surfaces are vital to the understanding of their
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surface chemistry and provide realistic models of these ma-
terials. In the past, atomistic molecular dynamics (MD)
simulations have proved to be successful in investigating sur-
faces of various amorphous materials. For example, MD
simulations have provided complementary information to ex-
perimental surface analysis techniques in understanding the
structure of amorphous silica surfaces.”® While a- (Refs. 9
and 10) and y- (Refs. 9 and 11) alumina surfaces and bulk
amorphous alumina'?>-!> have been studied using MD simu-
lations, a comparable study of amorphous alumina surfaces
does not exist.

In this work, molecular dynamics simulations have been
performed using classical interatomic potentials to study
amorphous alumina surfaces. The main goal of this paper is
to investigate in detail the structural properties of amorphous
alumina surfaces and to analyze how various structural fea-
tures compare with corresponding properties of the bulk and
crystalline alumina surfaces. In particular, the effect of the
surface on density and concentration profiles is discussed.
Further insight into the surface structure is gained by com-
paring the bondlength distribution, coordination numbers,
partial radial distribution functions (PRDFs) and angle dis-
tributions for the surface and interior of the amorphous film.

II. SIMULATION DETAILS

MD simulations of amorphous alumina were performed
as follows. The potential used to model the interatomic in-
teractions of alumina is a pair potential of the Buckingham
form along with partial charges on atoms, due to Matsui et
al.'® The details of the potential can be found elsewhere.!”
This potential has been previously used to study liquid!” and
amorphous'? aluminas in the bulk by Gutierrez et al. All the
simulations were carried out in a microcanonical ensemble.
An MD time step of 3 fs and a short-range interaction cutoff
of 12 A were used. The long range Coulomb interactions
were calculated using the Ewald summation method. The
simulations were performed using the MOLDY MD code.!®

To carry out a reliable investigation of an amorphous alu-
mina surface structure, the suitability of the interatomic po-
tential for surface studies needs to be evaluated. The (0001)
surface of a-alumina was chosen to test the potentials since
it has been widely studied using first principles as well as
atomistic simulation methods. For example, Gomes et al.'®
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TABLE I. Relaxation of outermost layers of the @-alumina sur-
face (%). d;;,; is the spacing between ith and i+ Ith layer from the
surface.

Present work Ref. 19 Ref. 19

Atomic layer 36 layers B3LYP, 15 layers LDA
dy —61.4 -81.9 -89.2

dy 4.5 -4.2 -0.2

dsy -57.9 -37.1 -36.5

dys 233 17.9 17.0

have reported structural relaxation of the a-alumina (0001)
surface calculated from first principles using Hartree Fock
and density functional theory (DFT) with both the local den-
sity approximation (LDA) and the hybrid B3LYP exchange-
correlation functionals. MD simulations of the a-alumina
(0001) surface were performed using the above mentioned
interatomic potential and the surface relaxation was com-
pared with previous first principles results in terms of
changes in interlayer spacings. The bulk sample consisted of
2160 atoms in an orthorhombic simulation cell with the
(0001) direction parallel to the z axis. The bulk a-alumina
simulation box lengths were optimized to a=28.3004 A,
b=24.5089 A, and ¢=25.7493 A. The surfaces were created
by abruptly increasing the periodic box in the z direction by
50 A creating an Al-terminated slab of 36 layers. This slab
was relaxed at 0 K. The surface relaxation obtained in this
work is compared with previous first principles calculations
in Table I. The MD results match quite well with first prin-
ciples results considering that the latter vary depending on
the model and the method used. The surface energy is the
difference in total energy between the slab and the corre-
sponding bulk sample divided by the total surface area of the
slab. For a-alumina in this study, the surface energy was
calculated to be 2.04 J/m? at 0 K. The majority of the theo-
retical calculations have reported surface energy values be-
tween 2.0 and 3.0 J/m2.2%2! The surface energy has been
experimentally determined to be 2.6 J/m?.?! The results in-
dicate that the interatomic potential produces a fairly accu-
rate description of the structure and energy of this alumina
surface, and it is a reasonable choice for alumina surface
studies.

The bulk amorphous alumina sample was obtained using
the following procedure. Initially, a total number of 2375 Al
and O atoms in a ratio corresponding to stoichiometric Al,O3
are placed in an orthorhombic supercell of the hexagonal
a-alumina lattice. Then, the volume of the MD periodic box
was anisotropically scaled to V=40X40X40 A3. The sys-
tem was heated to a temperature of 5000 K and equilibrated
for 2 10° time steps. The sample was then quenched to
3000 K and equilibrated at this temperature for 10° time
steps. It is useful to point out that this is still above both the
melting point of about 2326 K and the glass transition tem-
perature of about 2000 K'# for amorphous alumina. Subse-
quently, the lengths of the periodic MD cell and the atomic
positions were scaled simultaneously to create an Al,O4
sample of density 3.236 g/cm? that corresponded to simula-
tion box lengths of a=b=c=29.18 A. This density corre-
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FIG. 1. (Color online) Snapshot of the top 3 A layer of the
model amorphous alumina surface.

sponds to a typical value observed experimentally.'??? Fol-
lowing this, the MD box was replicated three times in x and
y directions such that the new system consisted of 21375
atoms and had box lengths of a=bh=87.54 A and ¢
=29.18 A. This was followed by quenching the system to
300 K through intermediate temperatures. Free surfaces were
created by abruptly making the periodic box longer in the z
direction by 50 A after the amorphous bulk sample was ob-
tained. This resulted in a periodically repeated slab of alu-
mina of thickness 29.18 A with two surfaces of area 87.54
X 87.54 A? perpendicular to the z axis. Following the surface
formation the thin film was relaxed at 1000 K for 1.2 ns to
anneal the surface. Finally, simulations were carried out at
300 K for 1.2 ns. The system reached equilibration within
the first 300 ps and the potential energy oscillated around an
average value. The sampling was performed over the final
600 ps. A snapshot of the system that includes atoms from
the top 3 A layer is given in Fig. 1.

III. RESULTS

A. Comparison of Al-O bondlength distribution in the bulk
and surface

The properties of the bulk system are characterized in
terms of PRDF, bondlength, and coordination number distri-
butions to form a basis for surface simulations. Structural
features of our bulk system can be directly compared with
previous MD simulations on amorphous alumina by Gutier-
rez et al.'> Their simulations have shown that amorphous
alumina mainly consists of AlO, tetrahedra, connected to
each other through a corner or edge sharing configuration. In
their study, amorphous alumina at three different values of
density was considered. The overall features of bulk amor-
phous alumina structure in this work are similar to those
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FIG. 2. Comparison of PRDF for bulk amorphous alumina from
the present work (dotted) and Ref. 12 (solid).

obtained for their system with density 3.175 g/cm? based on
comparison of bulk PRDFs and coordination number distri-
bution. The partial radial distribution function g(r) is defined
as

(nqp(r,Ar))

r)= ,
gaﬁ( ) 47Tr2ArpB

where (n,4(r,Ar)) is the average number of atoms of species
B in a spherical shell of thickness Ar at a distance r from an
atom of species « and pg is the number density of atoms of
species B. A value of Ar=0.02 A is used. The ga.0» €ALADL
and gg_o, for bulk amorphous alumina from this work are
compared with the previous work in Fig. 2. The PRDF plots
indicate a good match between the two studies. Further com-
parison can be carried out by determining the coordina-
tion number distribution. A cutoff distance of 2.1 A for the
Al-O bond distance derived from the position of the first
minimum in the bulk g,.o was used in the coordination
number calculations. The fractions of four, five, and six co-
ordinated Al in our sample are 0.74, 0.24, and 0.02, respec-
tively. This compares well with the fractions 0.76, 0.22, and
0.02, respectively, of 4, 5, and 6 coordinated Al in amor-
phous Al,05 of density of 3.175 g/cm? obtained by Gutier-
rez et al.'? It is to be pointed out that the minor difference in
coordination number distribution can be explained by the
slightly higher density of our system.

The most important parameter that describes short range
order in amorphous Al,Oj is the Al-O bondlength. Lam-
parter and Kneip?? have reported x-ray and neutron scatter-
ing spectra on amorphous alumina films prepared by anodic
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FIG. 3. Probability distribution of Al-O bondlength for four-,
five-, and six-coordinated Al in the bulk amorphous alumina and for
three-, four-, and five-coordinated Al in the top 3 A layer of the
amorphous alumina surface at 7=300 K.

oxidation. Using reverse Monte Carlo analysis they have
calculated the RDF, and they have derived an average Al-O
bondlength of 1.80 A. This Al-O bondlength is smaller
than the octahedral Al-O distances (1.86—1.97 A) observed
in a-Al,O; and is larger than the tetrahedral Al(4)-O
bondlength (1.73—1.78 A) observed in transitional aluminas.
The fraction of three, four, and five coordinated Al in their
sample was 0.20, 0.56, and 0.22, respectively. The average
Al-O distance provides a good indication of the average Al
coordination number. The average Al-O bond distance in our
bulk system was found to be 1.80 A. To gain further insight
on the dependence of Al-O bond distance on the coordina-
tion number of Al, the distribution of Al-O bondlength for
four, five, and six coordinated Al for the bulk sample at
300 K (Fig. 3, top panel) is analyzed. Each bondlength
distribution plot is normalized by the relative occurrence of
Al of the respective coordination number. The Al(4)-O,
Al(5)-0, and Al(6)-O bondlengths have peaks at 1.76, 1.83,
and 1.88 A, respectively. The bondlength distributions are
narrower the lower the Al coordination number. A similar
analysis can be carried out for the surface model considering
atoms near the surface. The average AI-O bondlength for
atoms in the top 3 A layer is 1.78 A. The decrease in average
Al-O bondlength at the surface is due to three-coordinated Al
atoms, which are absent in the bulk. In the bottom panel of
Fig. 3, bondlength distributions for top 3 A layer for the
surface system is presented. The bondlength distributions for
the surface layer are also characterized by the absence of
Al(6)-O bonds as no six coordinated Al atoms are observed
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in the surface layer. The distribution for three-coordinated Al
has a peak at 1.70 A. The Al(3)-O bondlength distribution is
narrower compared to that for 4-coordinated Al. It can also
be noted that the peak positions and shapes of distributions
for Al(4)-O and Al(5)-O bondlengths remain unchanged for
the surface.

It is useful to compare our calculations to the reverse
Monte Carlo (RMC) results of Lamparter and Kniep.?? In
particular, they have reported fractions of 0.20, 0.56, and
0.22 for three-, four-, and five-coordinated aluminum atoms,
respectively, and have concluded that the fraction of six-
coordinated Al is very small, if present at all. A comparison
to the respective values for our alumina bulk indicates agree-
ment on the fraction of five-coordinated Al atoms. The rest
of the Al atoms are mostly four-coordinated in our study but
three- and four-coordinated in the RMC study. This discrep-
ancy can possibly be explained by the high surface area of
their sample, which is a porous alumina with 8% pore vol-
ume. As will be shown in a forthcoming section, the simu-
lated surface structure has a considerable amount of three-
coordinated Al. The bondlength distribution functions can be
used to determine the average Al-O bondlength if the rela-
tive amount of three-, four-, five-, and six-coordinated Al are
known. For example, for the fractions of three-, four-, and
five-coordinated Al reported in Ref. 22 the average Al-O
distance is calculated to be 1.79 A using the bondlength dis-
tributions presented in Fig. 3. Here, we assume that the re-
maining 2% of the Al atoms are six-coordinated. This is in
good agreement with the average value of 1.8 A reported in
Ref. 22.

B. Density and coordination number profiles

The partial density profiles for Al and O are plotted in the
top panel of Fig. 4 as a function of distance from the center
of the slab (z=0). The mass density is calculated using layers
of height Az=1 A parallel to the surfaces and the results are
averaged over the two half slabs located at positive and nega-
tive z values. Note that the term “layers” is used in a purely
geometrical sense without implying any crystallographic or-
der or composition. There are two deviations from stoichi-
ometry in the density profiles shown in Fig. 4. First, the
density profile for O extends to a slightly larger distance than
that for Al at the surface. Second, the Al density profile has a
pronounced peak just underneath the surface. This peak is
followed by oscillations in the density profile that die out as
one moves into the center of the film. This is easy to under-
stand if one considers the surface formation. The formation
of the surface results in attractive force on all atoms from the
remaining half space of the bulk. When the surface is
formed, it is nearly stoichiometric. The total number of bro-
ken bonds for all Al atoms is approximately equal to the total
number of broken bonds for all O atoms. Therefore, for each
surface Al atom, there are one and a half larger number of
broken bonds than for each surface O atom. This results in a
larger force on Al atoms from the remaining subsurface at-
oms that pulls them inwards and, on average, in a larger
vertical displacement of Al atoms towards the bulk. This
explains why the surface has a preference for oxygen atoms
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FIG. 4. Profiles of mass density (top) and the quantity
An=3/2[Al]-[O] in the z direction as a function of distance from
the center of the film. [Al] and [O] are the number densities of Al
and O, respectively. The values for layers of opposite z coordinates
have been averaged. A layer of height Az=1 A is used for sampling.

over aluminum atoms. The local electrical neutrality in the
system is maintained since charges of excess oxygens at the
surface are compensated by aluminum enrichment just below
the surface. An alternative explanation for oxygen termina-
tion can be put forward based on Pauling’s classic rules on
ionic crystals.”* According to the first rule the coordination
number of the cation is determined by the cation-anion ra-
dius ratio, which is 0.41 for Al-O. According to these em-
pirical rules, Al can occur in both octahedral and tetrahedral
coordinations in Al,Oj. Thus, the Al ion being smaller in
size and having a higher net charge than the O ion, it has a
higher coordination number. As discussed before, the major-
ity of the Al atoms in our system have tetrahedral coordina-
tion, with Al sitting in the center of the tetrahedron. In a
tetrahedron occurring at the surface, Al has to be subsurface
since at least one of the corner oxygen atoms will be above
the center. The predominance of oxygen at the outermost
surface has previously been reported in amorphous silica sur-
face simulations.’*?

Plotted in the bottom panel of Fig. 4 is the quantity An
=3/2[Al]-[O] that provides a measure of local stoichiometry
as a function of z. The quantities [Al] and [O] are the number
densities of Al and O, respectively. A value of An=0 corre-
sponds to perfect stoichiometry whereas An>0 (An<0) in-
dicates Al (O) enrichment. The aluminum enrichment below
the surface and the oxygen excess at the surface are repre-
sented by the positive and the negative values of An, respec-
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FIG. 5. Profiles of fraction of differently coordinated Al (top)
and O (bottom) in the z direction as a function of distance from the
center of the film. The values for layers of opposite z coordinates
have been averaged. A layer of height Az=1 A is used for sampling.

tively. As expected, the oscillations in An vanish towards the
center of the layer. This type of surface segregation has been
reported in previous MD simulations of amorphous silica
surfaces.2® In addition, strong inward displacements of sur-
face Al atoms have been predicted also on crystalline alu-
mina surfaces. For example, first principle calculations on
both (0001) surface of a- and (001) surface of x alumina
have indicated strong inward relaxations.!'?” These relax-
ations are stronger in the case of (001) x-alumina and result
in O-terminated surfaces. This effect was explained on the
basis that cation vacancies caused by tetrahedrally coordi-
nated Al make the x-alumina (001) surfaces more open as
compared to a-alumina (0001) surfaces allowing a huge in-
ward relaxation of Al atoms and thus making the surface O
terminated. Therefore, the surface oxygen excess appears to
be a general property of both amorphous and crystalline alu-
mina surfaces, when the structure of the subsurface layer
allows a very strong inward Al relaxation resulting in an O
termination.

Further insight into the effect of surface on short range
order can be obtained by analyzing the coordination numbers
of Al and O atoms. The coordination number is computed
using a cutoff of 2.1 A for the AI-O bond distance, which
corresponds to the first minimum in the g, for the bulk
case. The fractions of n=3,4,5, and 6 coordinated aluminum
atoms (top panel, Fig. 5) and n=2, 3, and 4 coordinated
oxygen atoms (bottom panel, Fig. 5) are plotted as functions
of distance from the center of the slab. The surface has a
substantial fraction of three-coordinated Al that disappears
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FIG. 6. Partial radial distribution function for Al-Al (top),
0O-O (center), and Al-O (bottom) pairs. The dashed line represents
PRDF for atoms in the top 1 A thick layer at the surface and the
solid line represents PRDF for the whole slab.

for distances below 14 A from the slab center. The profile of
four-coordinated Al increases from zero at the surface to a
maximum of 0.94 at 14 A from the slab center and eventu-
ally assumes the bulk value (0.77) below 10 A from the cen-
ter. The profiles for five- and six-coordinated Al gradually
increase as well, from zero at the surface to the respective
bulk values at distances from the center below 10 A. The
presence of excessive four-coordinated Al just below the sur-
face is explained by aluminum enrichment near the surface
due to lower number of available O neighbors as compared
to the bulk that favors lower coordinated Al at the expense of
five- and six-coordinated ones. Oxygen atoms at the surface
are predominantly two-coordinated and hence form bridging
configurations. The fraction of two-coordinated oxygen at-
oms decreases parallel with an increase in three-coordinated
O and these assume bulk values below 10 A from the center.
Thus, in terms of coordination numbers, surface effects are
present as deep as 5 A below the outermost layer.

C. Radial distribution function

In Fig. 6, distributions gu;.»; (top panel), go.o (center
panel), and g0 (bottom panel) for the top surface layer of
1 A thickness and for the whole slab are compared. The
PRDF for the top 1 A layer included atom pairs only if both
atoms belong to the layer. The distribution ga;_; for the sur-
face layer has an additional peak at 2.53 A appearing much
before the first peak for gu.a; for the whole system at
3.13 A. For comparison, the first ga; a; peak in o alumina is
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FIG. 7. Al-O-Al bond angle distribution functions for 3 A thick
surface (solid line) and interior (dashed line) layers.

at 2.61 A and the second peak is located at 3.25 A. This
additional peak at 2.53 A is due to the preference for edge
sharing configurations at the surface. An edge sharing con-
formation is a two-membered ring where two Al tetrahedra
share two oxygen atoms. A two-membered ring is character-
ized by Al-O-Al and O-Al-O angles of 90° and both O-O
and Al-Al first neighbor distances that are shorter than the
respective average distances. The distribution gg.o for the
surface layer has the first peak shifted to 3.01 A as compared
to 2.77 A for the whole system. Also, the first peak of g o
for the surface layer has a small shoulder at 2.55 A. The
appearance of this shoulder corresponds to edge sharing con-
figurations. Finally, the first peak of the distribution g
corresponding to nearest neighbor Al-O distance is at 1.71 A
for the surface layer and the corresponding peak for the
whole system is at 1.75 A. The shorter bond length in the
surface layer is a result of higher fractions of three- and
four-coordinated Al at the surface. In summary, the PRDF
analysis for the surface layer provides evidence for enhanced
local ordering characterized by edge-sharing Al tetrahedra.

D. Angle distribution functions

Further information on the short range order near the sur-
face is obtained from the distributions of angles between
three neighboring atoms. Two atoms, « and (3, are consid-
ered neighbors if the distance between them is smaller than
a certain cutoff distance. The cutoff distances are chosen to
be 3.7, 2.1, and 3.2 A for Al-Al, Al-O, and O-O pairs, re-
spectively, which correspond to the respective minima in the
bulk PRDFs. In Figs. 7 and 8, angle distribution functions for
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FIG. 8. Al-Al-O bond angle distribution functions for 3 A thick
surface (solid line) and interior (dashed line) layers.

3-A thick layers from the surface and from the center of the
film are compared. A particular sequence of three atoms is
included in the sampling for a layer if the center atom in the
sequence belongs to that particular layer. The Al-O-Al bond
angle distribution function (Fig. 7 top panel) for the interior
has a main peak at 120° and a small peak at around 90°. As
was pointed out by Gutierrez et al.'” based on the bulk simu-
lations, the 120° peak corresponds to the corner-sharing Al
tetrahedra configuration. The smaller peak at 90° corre-
sponds to edge-sharing configurations. The distribution
for the surface layer has a more prominent peak at 90° indi-
cating that edge-sharing configurations are more preferred
at the surface than in bulk. In the center and bottom
panels of Fig. 7 these distributions are drawn separately
for two-coordinated [AI-O(2)-Al] and three-coordinated
[Al-O(3)-Al] oxygen atoms in the Al-O-Al sequence, re-
spectively. The Al-O(2)-Al angle distribution for the interior
has a peak at 127°. The distribution for the surface layer has
a main peak at 131° and a small shoulder at 90°. Also, the
distribution profile is more compact around the 131° peak for
the surface layer as compared to the interior for which the
profile is more spread and extends towards 180°. The Al
-O(3)-Al angle distribution for the interior has a main peak
at 117° and a smaller peak at 93°. The corresponding distri-
bution for the surface layer has a main peak at 113° and a
smaller peak at 87°. However, the peak around 90° is more
prominent for the surface layer as compared to the interior.
The following can be inferred from these component angle
distribution functions. First, although corner sharing configu-
rations are preferred over edge sharing configurations both in
the bulk and at the surface, the edge-sharing configura-
tions occur with a higher probability at the surface than
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in the bulk. Second, in the bulk as well as on the surface,
three-coordinated O is preferred over two-coordinated O in
edge-sharing Al-O-Al sequences. Third, there is a small
probability that two-coordinated O takes part in edge-sharing
Al-O-Al sequences at the surface. This probability is higher
for the surface than for the interior.

A similar analysis for the Al-Al-O angle distribution func-
tion is presented in Fig. 8. As illustrated by the Al-Al-O
angle distribution in the top panel of Fig. 8, the profile for
the surface has a very prominent peak at 45° which is present
only as a shoulder to the 30° peak in the case of the interior.
As pointed out in Ref. 12, the 45° and 30° Al-Al-O peaks are
attributed to edge and corner sharing Al tetrahedra, respec-
tively. This indicates that the edge sharing Al tetrahedral con-
figurations are more preferable at the surface than at the in-
terior. The component distribution functions Al-Al(4)-O
(center panel) and Al-Al(5)-O (bottom panel) for four- and
five-coordinated Al in the center of the Al-Al-O sequence
imply the following. First, in the bulk as well as at the sur-
face five-coordinated Al is preferred over four-coordinated O
in edge-sharing Al-Al-O sequences. Second, edge-sharing
configurations occur with a higher probability at the surface
than in the bulk. Third, an AI-Al-O sequence with a
4-coordinated Al in the center takes part in edge-sharing con-
figurations only at the surface.

IV. DISCUSSION

It is useful to compare our results with previous studies on
alumina surfaces. The two investigations that involved amor-
phous alumina surfaces studied oxidation of aluminum
nanoparticles.?®?’ It is important to point out that in the oxi-
dation studies of aluminum the stoichiometry of the sample
is not fixed and oxidation proceeds from the surface to the
interior of the nanoparticles, which leads to a variation of
spatial densities of oxygen and aluminum atoms. In contrast,
the oxide surfaces in our simulations are formed from a bulk
stoichiometric oxide of uniform spatial density, therefore
some differences are to be expected. Campbell ef al.?® inves-
tigated dynamics of oxide formation on Al nanoparticles us-
ing molecular dynamics. They found the average mass den-
sity in the oxide to be 75% of the a-alumina density
(2.9 g/cm?) and a mixed tetrahedral/octahedral bonding with
a predominance of tetrahedral bonding, in comparison with
our observations of predominantly tetrahedral bonding in
amorphous alumina of 3.23 g/cm® density prepared from
melt. Their average aluminum coordination in the interior of
a 4 nm oxide scale was found to be 3.9 and slightly higher,
4.3, in the 13.3 A layer at the alumina-environment inter-
face. The Al coordination number in our simulations was
found to be 3.3 for the top 3 A layer and 4.25 for the interior.
A proper comparison of coordination numbers with the pre-
vious study?® is quite difficult due to the different geometry
of the system, but the numbers around 4 give additional evi-
dence for predominance of tetrahedral bonding. Alavi et al.?
have studied the structures of aluminum oxide bulk phases
and oxidation of Al nanoparticles by MD and found that, in
the case of Al;O; or higher oxygen content, an oxygen shell
forms on the surface of the nanoparticles, which prevents
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their fragmentation. Thus, our structure of amorphous sur-
faces, which also has oxygen termination, bears qualitative
similarity to amorphous alumina surfaces resulting from alu-
minum oxidation.

Comparison of our results to previously studied surfaces
of crystalline aluminas indicates more similarity with transi-
tion aluminas than with a-alumina. DFT calculations of
Pinto et al.” of reconstructions on model y-alumina crystal
surfaces found surface energies of 1.00+0.05 J/m? for both
(111) and (001) surfaces. This is similar to the surface ener-
gies of 0.88 J/m? of our amorphous samples. In their study,
the (001) surface is highly reconstructed with large alumi-
num displacements inwards and is dominated by five-
coordinated Al, with some tetrahedral Al. The (111) surface
exhibits two reconstructions, both with three-coordinated Al
surface atoms. The subsurface Al is found to be five coordi-
nated, while top oxygen layers are twofold coordinated.
Thus, the coordination of the surface Al atoms on y-alumina
varies between 3 and 5, whereas it is mostly 3 and 4 in our
study of amorphous surfaces. Calculations of the relaxed
(001) surface?’ of k-alumina also show oxygen termination
and nearly trigonal arrangement of the topmost aluminum
atoms.

The (0001) surface of a-alumina is well studied theoreti-
cally and has been shown to have aluminum termination with
a strong inward relaxation. While significant inward relax-
ation of Al atoms is a general trend in crystalline alumina
surfaces, the oxygen termination of the surface is an effect
observed on transition alumina surfaces where the cation va-
cancy structure allows such a reconstruction. In this respect,
the (0001) a-alumina surface has much less in common with
amorphous alumina surface, and it also has a higher energy.
The present work has focused on dry amorphous alumina
surfaces. It is well known that both anodized and ALD alu-
mina contain hydroxyl groups. It would be of great interest
to investigate the effect of hydroxyl groups on the surface
structure. For example, Hass et al®' found stable surface
reconstructions on OH-covered a-alumina that expose OH
groups rather than aluminum atoms. Since we have not in-
cluded hydrogen or OH groups in the present studies, there is
no direct way to compare the results. In the future, we will
focus on including hydroxyl groups into the model since they
are expected to play an important role in determining the
structure and reactivity of amorphous aluminas obtained by
ALD and anodization processes.

V. CONCLUSIONS

In this paper, we have investigated the structural proper-
ties of amorphous alumina surfaces using MD simula-
tions. The key effect of surface formation is reflected in the
density profiles across the film. Oxygen is preferred at the
surface and this excess oxygen causes Al enrichment just
below (<2 A) the surface. The excess oxygen and subse-
quent Al enrichment result in interesting features near the
surface in terms of coordination number and short range or-
der. There is a presence of three-coordinated Al atoms at the
surface and a higher concentration of two-coordinated O at-
oms as compared to the bulk. Various angle and partial radial
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distribution functions indicate that edge sharing Al tetrahedra
configurations are preferred at the surface compared to the
bulk. The strong inward relaxation of Al atoms and de-
creased average coordination are general features of both
crystalline and amorphous alumina surfaces. However, the
coordination number distribution and structural features, are
different for amorphous and crystalline alumina surfaces, and
will probably affect the functionality of the amorphous alu-
mina surfaces in technological applications.
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