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ABSTRACT: Native surface films play a key role in the oxidation and corrosion protection of
functional and structural materials. Here, we present a fully ab initio approach for understanding
the thermodynamic driving force behind the initial phase selection among amorphous and
crystalline structures for a surface film growing on a crystalline substrate. We apply the approach
to elucidate the competition among corundum (@), spinel (y), and amorphous (am.) Al,O; films
growing on aluminum metal. We show that the amorphous Al,O; film becomes thermodynami-
cally the most stable form below around ~1 nm, that is, the relative energetic stabilities of thin
polymorphic AL O films follow am. < y < a. As the film thickness increases, the relative stability
relation first changes to y < @ < am. and then to the bulk limit of & < ¥ < am. The nanoscale y
films distort substantially to form exclusively four- and fivefold-coordinated Al—O polyhedra, lose
the close-packed O framework, and become “amorphous-like”, that is, exhibit both short-range
order and energetic characteristics that are commensurate with the amorphous form. Our results
provide a quantitative, first-principles confirmation for the early hypotheses on the
thermodynamic stability of amorphous surface films and provide insights for the critical role

they play in oxidation protection. Handling the complexities associated with the initial film growth, including bulk, surface,
interface, and strain energy effects in realistically complex ab initio simulations, we expect this approach to contribute to
understanding of the mechanism behind effective passivation films for aluminum alloys and beyond.
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1. INTRODUCTION

Passivation of metals or semiconductors enabled by the
formation of a thin protective film, such as a native oxide on
the surface, has enabled many major technological advances.'
However, after decades of research, the formation and
functionality of passivation films are still not entirely under-
stood."”” The growth and breakdown of passivation films have
been studied with a range of phenomenological models
including but not limited to the Verwey, Cabrera—Mott, and
point-defect models,” which aim at explaining the evolution of
an existing passivation film." Structural, bulk thermodynamic
(e.g, Pourbaix diagrams), electronic, and kinetic aspects of
passivation layers at steady state are all extensively studied.®
The thermodynamic requirements for the formation of the very
first, atomic-scale oxide layer with a protective nature, however,
are rarely addressed quantitatively because of the complex
interplay between the bulk, surface, and interfacial degrees of
freedom at such length scales.

Starting with early microscopy and diffraction experiments,
evidence has culminated in the literature demonstrating that in
systems resistant to corrosion or low-temperature oxidation,
such as Al, Cr, Ta, Fe—Cr, and Si, native surface films tend to
have a uniform amorphous morphology, especially during the
onset of film formation.>™"* For example, increasing the Cr
content in Fe—Cr alloys results in a transition from a less-
protective crystalline oxide overgrowth to an amorphous, more
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protective one above a threshold Cr content of approximately
15%, which has been argued to be a primary mechanism
underlying the corrosion resistance of stainless steels.”'*'¢
Aluminum is one of the earliest known examples where a native
amorphous oxide was shown to grow on the metal surface and
claimed to provide effective low-temperature oxidation
protection.”™ /7!

The effectiveness of amorphous films as passivation layers is
associated with the lack of grain boundaries, dislocations, or
other highly defective regions that exist in polycrystalline films
which would enhance the kinetics of metal and/or oxygen ion
transport.'”** Although bulk diffusion in polycrystalline oxides
can be slow, such defective regions may facilitate orders of
magnitude faster diffusion””** and therefore deteriorate the
effectiveness of the film. Besides, nucleation of crystalline films
is strongly influenced by epitaxial relations, and thus, such films
may not provide a homogenous, uniform surface coverage and
lead to patchy regions and chipping, exposing the metal
substrate, for example, as in iron, as empirically addressed often
using the Pilling—Bedworth ratio.” Amorphous films, on the
other hand, tend to be conformal'” because of their isotropic
nature (lack of a preferred epitaxy and strain energy) as well as
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smaller interface and surface energies. If such films can provide
sufficiently slow cation diffusion out of the film or anion
diffusion into the film, they can effectively suppress
7191 Eormation of an amorphous film on a substrate
was long thought to be a kinetic phenomenon, and such
passivation films were assumed to be in a metastable state.
Later, Jeurgens et al’® and Reichel et al.”’ developed an
empirical thermodynamic framework to understand the stability
of the amorphous films with respect to crystal overgrowths on
various metal substrates including Al, Fe, Cu, Zn, and Mg and
showed that an amorphous film can in fact become the
thermodynamically preferred morphology at small length scales
in certain systems.

The thermodynamics of systems describing the amorphous
or crystalline film growing on a substrate involves many degrees
of freedom associated with the surfaces and interfaces (planes,
terminations, epitaxial relations, reconstructions, etc.), strain
effects, and bulk energies of competing amorphous and
crystalline polymorphs. More importantly, as the films get
thinner (nanometer or subnanometer scale), the energetic
contributions are highly entangled and may not be linearly
separable, such that projections from separate calculations of
surface, interface, and bulk energetics are not guaranteed to be
descriptive. Given the significant increase in computational
power in recent years, we suggest that a strategy to overcome
these limitations in predictive modeling of surface overgrowths
is building realistically complex, “all-inclusive” ab initio
simulations that capture the actual substrate-film morphology.
In this work, we present such a framework that combines large-
scale ab initio molecular dynamics (AIMD) and density
functional theory (DFT) calculations of crystalline and
amorphous ALO; films on a face-centered cubic, fcc (111)
aluminum substrate. We provide first-principles evidence for
the thermodynamic stabilization of the amorphous aluminum
oxide film over other crystalline alumina polymorphs at the
nanoscale on the Al metal. We propose that the computational
framework presented here for aluminum can be broadly
applicable to understand and craft materials-design strategies
for inducing native, effective passivation films in more complex
alloy systems and for the synthesis of thin films.

corrosion.

2. MODEL GENERATION AND COMPUTATIONAL
METHODS

2.1. Generation of Model Structures. 2.1.1. Preparation of the
Al Substrate. To properly accommodate an isotropic amorphous film
on an aluminum substrate, we constructed (111) Al slabs in an
orthorhombic supercell, with in-plane (a and b) dimensions ([111]
and [221] directions, respectively) that are sufficiently large and
similar in magnitude. The a and b directions need to be long enough
to ensure that there exists enough space above the substrate for a
representative amorphous film to be inserted. As pairwise correlations
in amorphous AL O; vanish within approximately S to 8 A for all
pairs,”® we found that an orthorhombic (111) Al slab configuration
with a = 8.568 A and b = 9.893 A is sufficiently large to accommodate
a representative amorphous film above, without inducing significant
artificial correlation across the periodic boundaries for the film. In the
orthogonal (c) direction, the metal substrate is composed of 6 (111)
layers of fcc Al, which yields a 72-atom slab with a thickness of 11.660
A. This slab thickness is sufficiently large and is in line with similar
studies of metal substrates.”” The height of the simulation cell in the ¢-
direction is fixed at ~50 A, providing a large vacuum of at least 20 A
when amorphous or crystalline films are inserted above the Al
substrate. The dimensions of the supercells above are derived from the
lattice constant of bulk Al (4.039 A), as obtained from the Materials
Project database.”® In all substrate—film calculations, the positions of
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the Al atoms in the two middle layers of the Al slab are fixed to mimic
the bulk region, whereas two layers near the surface on both sides of
the slab are allowed to fully relax.

2.1.2. Preparation of Amorphous Film/Al Substrate Configu-
rations. For the amorphous surface films, we start by creating an Al,O;
liquid using AIMD in an orthorhombic box that has the same a and b
dimensions as the Al substrate described above, and the c-dimension is
adjusted to yield a liquid density that is ~15% larger than that of a-
Al,Os, which, in our experience, provides sufficient amount of free
volume for fast equilibration of the melt while avoiding any possible
void formation. As the a and b dimensions match the substrate, this
process ensures that any subsequent amorphous film derived from the
liquid does not develop artificial strains when transferred onto the Al
substrate. We run an AIMD simulation in the NVT ensemble for the
liquid corresponding to the thickest amorphous film considered (120
atoms) at 4000 K for S000 molecular dynamics (MD) steps, with a 2 fs
time step. In the second (production) stage, the liquid is simulated for
an additional 5000 MD steps, from which five independent isochronal
configurations are selected. These selected configurations are then
transferred on to the (111) Al slab, utilizing their existing atomic
arrangements near the boundaries of their initial simulation box as
interfaces/surfaces in the new substrate—film system. This process is
equivalent to cleaving the bulk amorphous configurations at a random
position to create an interface with Al and an oxide surface. Hence, at
this stage, the positional degrees of freedom of atoms near the
substrate—film interface, film surface, and in the bulk of the film need
to be further optimized to find the nearby local minima on the
potential energy landscape. Keeping the positions of the mid-layer Al
atoms fixed as described above, we perform an additional 1000-step
AIMD run in this substrate—film cell (192 atoms: 72 atoms in Al
substrate + 120 atoms in Al,O; film) at a moderate temperature of 600
K. This procedure allows sufficiently fast kinetics for the effective
relaxation and reconstruction of both the amorphous film/Al substrate
interfaces and the film surface, without introducing any significant
changes to the bulk of the amorphous film or the crystalline substrate.
A subsequent, higher-precision DFT-based conjugate-gradient struc-
ture optimization is performed at the end of this MD optimization to
obtain the final energies of the 192-atom supercells. Thinner films are
obtained by removing stoichiometric portions of Al,O; from the top of
the films and repeating the AIMD + DFT optimization routine
described above. For each film thickness, the configuration that yields
the lowest energy is selected for further stability comparisons.

2.1.3. Preparation of Corundum Film/Al Substrate Configura-
tions. There exists a relatively low-strain epitaxial relation between the
(111) Al substrate and the (0001) plane in the hexagonal a-ALO,>!
with [1010] direction parallel to [110] of fcc Al. With the lattice
parameters of these phases acquired from the Materials Project,* we
found that the strains in each orthogonal direction are both ~3% for a-
Al,O; when the film is strained to match the Al substrate. We tested
the @-Al,O, substrate with both Al and O terminations of the (0001)
plane.

2.1.4. Preparation of Gamma Alumina Film/Al Substrate
Configurations. y-Al,O; adopts a spinel structure where it ideally
has a 3:4 ratio of metal and oxygen sites, and the metal sites
themselves have a 1:2 ratio of the tetrahedral and octahedral
coordination sites. Therefore, to satisfy the y-Al,O; stoichiometry,
deviating from the chemical formula of a spinel, M;O, (M = a metal or
mixed metals), the Al atomic positions are not fully occupied.
Configurations of such vacancies have been extensively studied in
literature but are still not well-known.”>>* DFT calculations
consistently indicate that these octahedral vacancies yield more stable
structures than the tetrahedral or mixed octahedral/tetrahedral
vacancy configurations.”** Here, we adopt the vacancy configuration
introduced by Pinto et al,** where two octahedral Al vacancies were
introduced into the 14-atom rhombohedral spinel unit cell. Assuming
this structure, we determined 12 unique ways to cleave y-Al,O; in the
close-packed (111) plane (for the standard spinel unit cell). Because of
the close-packed O framework in the spinel structure, there is a natural
epitaxial relation between the (111) planes in Al and y-ALO;, as
known from the oxidation experiments of AL'7** Straining the y-AL,O;
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substrate from the calculated a = b = 5.663 A to that of Al at the 2 X 2
(111) Al substrate yields a small linear strain of ~0.8% in both
directions. Among the 12 ways of cleaving y-AL,O; in the (111) plane,
four structures were found to have surface terminations through the
introduced vacancies and therefore are chosen to further study with
first-principles, as they are the most likely candidates for energetically
favorable surface and interface configurations.”* These four possible
terminations yield slabs that are not symmetrical, meaning either side
of the slab can be interfaced with the Al substrate. Therefore, we test
eight unique y-Al,O; film/Al substrate configurations.

For both a and y film systems, to allow possible reconstructions and
accelerate the optimization of atomic positions near surfaces and
interfaces, we follow the same AIMD + DFT optimization procedure
described above for the amorphous film. The procedure is repeated for
thinner films after removing stoichiometric amounts of Al,O; from the
top of the films. The lowest-energy configurations of alumina film/Al
substrate systems for @, ¥, and amorphous alumina at different film
thicknesses are illustrated in Figure 1.
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Figure 1. Morphologies of Al metal substrates with amorphous Al,O;
(top), a-ALO; (middle), and y-ALO; (bottom) films of varying

amounts after structure optimization.

2.2. DFT and AIMD Calculations. All first-principles calculations
were performed using the Vienna Ab initio Simulation Package.’®*”
The Perdew—Burke—Ernzerhof formulation® of the generalized
gradient approximation functional is used with projector-augmented
wave potentials™ at a plane-wave kinetic-energy cutoff of 520 eV in the
structure-optimization calculations. In all such calculations, we
consistently use a relatively dense k-point mesh of 4 X 4 X 2 for
the supercells described above. For computational efficiency, we use
relatively low-precision settings with I'-point only Brillouin zone
integration at a plane-wave kinetic-energy cutoff of 400 eV in AIMD
simulations. The computational workflows for AIMD and DFT
calculations of amorphous and crystalline structures and substrate—
film systems involved the pymatgen,*® custodian,** fireworks,*" and
atomate® codes and can be found as part of the open-source
mpmorph package at http://github.com/materialsproject/mpmorph.
Structures were visualized with VESTA.*
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3. RESULTS AND DISCUSSION

The structure and composition of oxide overgrowths critically
control their thermodynamic properties. We note that the
composition of thin-film overgrowths may deviate from their
bulk stoichiometry depending on factors such as the substrate
metal’s surface orientation, temperature, pressure, and oxygen
chemical potential.”"***> In the case of low-temperature
oxidation of aluminum metal, recent angle-resolved X-ray
photoelectron spectroscopy measurements indicate that the O/
Al ratio in the amorphous oxide overgrowth is close to 1.5.* In
terms of the structure, the framework we present allows for the
relaxation and reconstruction of interfaces and surfaces in the
substrate—film systems with an intermediate AIMD step;
however, the bulk of the amorphous film as obtained via a
melt-quench route still serves as an approximation to the
amorphous structure that would result from a surface reaction
of aluminum with oxygen. The first-peak positions of the RDFs
of the amorphous AL, Oj; structures generated in this work
(Figure 2) are ~0.18, ~0.28, and ~0.32 nm for the Al-O, O—
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Figure 2. Radial distribution functions (RDFs), g(r), for (a)
amorphous Al,Oj; film/Al substrate and (b) y-ALO; film/Al substrate.
Sharp Al—Al peaks correspond to the metal substrate. Note, here, that
the normalization of g(r) functions is nonstandard (i.e., not converging
to unity at large separations) as these are calculated in the film—
substrate supercells.

O, and Al—Al pairs, respectively. This is in good agreement
with RDFs derived from X-ray and neutron diffraction of
anodically oxidized aluminum foils by Lamparter and Kniep.”®
Moreover, the distribution of the local polyhedral units AlO,
(Al coordinated with n O atoms) of amorphous alumina films
in this work (Figure 3) and the resulting average Al—O
coordination number of ~4.2 are also similar to the findings in
the same experimental report. Overall, these results indicate
that the stoichiometric Al,O; films generated here with a
framework that involves a melt-quench route do provide a
reasonable structural and compositional approximation for the
actual amorphous alumina overgrowths on aluminum.

For the a-Al,O;/Al film, the configuration with the O-
terminated side of the film interfacing the Al substrate and Al-
terminated side of the film forming the surface is found to be
lower in energy (by ~60 meV/atom) than the film aligned in
the opposite way with the substrate. The relaxation of the a-
Al,O; films compared to the bulk  is not significant, and the
crystalline framework is preserved even for the thinnest film.
On the other hand, as evident in Figure 1, the lowest-energy y
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Figure 3. Change in the Al-O coordination environment in the
(0001) y-Al,O; film on the (111) Al substrate for the lowest-energy
(sixth) configuration in Figure 4.

film is significantly distorted despite the low lattice mismatch
with the Al substrate. In fact, a visual inspection of the initial
and relaxed structures of the eight different y-Al,O;/Al
substrate configurations indicates that most y films experience
a significant distortion of the spinel framework during the
relaxation regardless of their relative stabilities as shown in
Figure 4. The distribution of local coordinations before and
after relaxation in Figure 3 indicates that no sixfold O-
coordinated Al remain in the y film, instead four- and fivefold-
coordinated Al atoms dominate the film structure. Interestingly,
the distribution of Al-O coordination in the y film approaches
that of the amorphous film. The RDFs of amorphous Al,O;/Al
substrate and y-Al,03/Al substrate configurations in Figure 2a,b
further show the loss of crystallinity in the y film and its
structural resemblance to that of the amorphous one.

The relative stabilities of (0001)-@, (111)-y, and amorphous
AL, films on (111) Al metal substrate as a function of film
thickness are shown in Figure 5, along with the respective bulk
counterparts. The order of low-temperature energetic stability
of bulk phases, a < y < am., as well as the relative energies agree
well with the experiments.*® In particular, we found that the y-
alumina model structure adapted from Pinto et al.,>* which has
the spinel structure with the close-packed O framework and Al
vacancies on octahedral sites, is 42 meV/atom above the
ground-state a-alumina, close to that derived from experimental
formation energies,46 and therefore provides an accurate
representation of the y phase. The energies of the amorphous
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Figure S. Energy, AE, of am.-ALO; and (111) y-AL,O; derived films
with respect to the (0001) a-Al,O; film as a function of film thickness,
on a (111) Al metal substrate, all calculated from first-principles.
Number of O layers on the bottom horizontal-axis corresponds to
number of (0001) O layers in @-AL,O; film, and the corresponding
approximate thickness is shown on top. Shaded regions differentiate
stability regions of the films as labeled. Energy is given per atom of the
oxide film. The error bars on amorphous data points show the 20
range obtained from 10 independent bulk amorphous configurations
generated. When calculating the relative energies, a-Al,0;/Al energies
were fit to a second-order polynomial so that the relative energies
corresponding to intermediate y-Al,O3;/Al configurations can be
estimated.

configurations sampled are about 180 meV/atom above a-
alumina and have a sample standard deviation (o) of about 17
meV/atom.

The order of stability of alumina polymorphs growing on Al
changes considerably relative to the bulk at finite length scales,
as shown in Figure S. In films with a thickness of ~1.0 nm and
below, the amorphous Al,O; film becomes more stable
compared to both @ and y phases. Interestingly, around 0.6
nm (the thinnest films we studied), the y film becomes slightly
more stable than the amorphous form, but still within 26 (~35
meV/atom) of the amorphous energies, implying that
amorphous films at this scale are still likely to be more stable

0.4}

0.3

021 -

Energy (eV/atom)

Figure 4. Relative energies and morphologies of y-AL,O; films on (111) Al substrate after structure optimization. From four unique terminations of
(0001) 7-Al,O;, eight different Al substrate/y-ALO; film combinations were obtained. Insets: film/substrate structures before (left) and after (right)
relaxation for each configuration. AI-O coordinations in the films are visualized as polyhedra to show the distortions after relaxation more clearly.
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at finite temperatures because of the entropy effects. However,
due to extensive distortions in y films discussed above, these y
films are in fact morphologically closer to the amorphous form,
than to the y form, and should be considered “amorphous-like”,
explaining why the energies of amorphous and “y” films at
subnanometer scales on Al substrate are very close. Such film
morphologies in-between amorphous and y-alumina were in
fact observed in experiments,’” and MD simulations revealed
structural similarities between y-alumina surfaces and the
amorphous alumina.”” The most likely cause of these
distortions is the elimination of Al vacancies, inherently present
in y-alumina, at the film/substrate interface and surface which is
facilitated further in thinner films, as compared to thicker films.
We observe that for the thickest films of ~1.2 nm we studied, y
is slightly more stable than a. At this thickness, amorphous
alumina is also still significantly more stable compared to its
bulk stability, at only ~40 meV/atom above a. Therefore, the
amorphous alumina films on aluminum are not “kinetically-
trapped” phases but in fact thermodynamically compete with a
and y and can even become the ground-state film structure.

Below the “critical” thermodynamic thickness of ~1 nm in
Figure 5, the amorphous form is not only kinetically but also
thermodynamically stabilized, and therefore crystallization of ¥
is prohibited.z"”27 The “limiting” thickness, on the other hand, is
where the film growth becomes kinetically hindered because of
slow ionic transport; for example, as predicted by the Cabrera—
Mott model” and as observed upon low-temperature oxidation
of the aluminum. The experimental and computational reports
for the limiting thickness of amorphous alumina film on Al
range from ~04 to ~4 nm," "% under conditions with
varying temperature, oxygen partial pressure, and Al surface
orientation.’”*" The limiting thickness can be close to (as in the
present case™*) but is not necessarily the same as the critical
thickness. These quantities are difficult to isolate experimentally
because (i) when the critical thickness is the larger of the two,
the limiting thickness will inhibit its measurement and (ii) even
when the opposite is true, because of limited nucleation
kinetics, the amorphous film may still persist above the critical
thickness, and the limiting thickness may again obstruct its
direct observation.** To overcome this challenge, Reichel et
al* exposed {111}, {100}, and {110} Al single crystals to
oxygen at temperatures ranging from 350 to 650 K to form
ultrathin stoichiometric amorphous surface oxides and
subsequently annealed them at a higher temperature under
ultrahigh vacuum to test the thermodynamic stability of the
films. For the (111) Al substrate, they were able to show that
amorphous Al,O; surface overgrowths are thermodynamically
stable up to ~0.9 nm, in excellent agreement with the present
ab initio prediction in Figure S.

Here, we focused on oxide growth on the most dominant
surface family in aluminum, that is, {111}. Given the agreement
between the present ab initio calculations and -earlier
thermodynamic models”” as well as the subsequent experi-
ments,”>** we expect ab initio simulations for the substrate—
film configurations of minority Al surfaces such as {110} and
{100} to yield similar critical thicknesses as in those models and
experiments. Furthermore, it is important to note that the
relative energetic stabilities here are calculated with DFT and
therefore pertain only to low to moderate temperatures. The
thermodynamic models presented by Jeurgens et al.”® and
Reichel et al.”’ include approximations for the entropic
contributions for bulk, surface, or interface free energies,
which yield a weakly increasing temperature dependence for
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the critical thickness of the thermodynamic stability of
amorphous alumina on various Al planes. The enthalpic
contribution to the free energies as derived from DFT,
therefore, provides a sufficiently accurate approximation for
the critical amorphous film thickness up to moderately high
temperatures (<1000 K) in the oxidation of Al

Overall, the analysis here represents, to the best of our
knowledge, the first full ab initio assessment of amorphous
versus crystalline polymorph selection on a substrate and
provides evidence that the amorphous alumina indeed becomes
thermodynamically stable at finite length scales as the
passivation layer on aluminum is forming upon oxidation. In
other words, crystallization of the amorphous passivation film is
thermodynamically prohibited until the film thickness reaches
above ~1 nm, and therefore the amorphous film can preserve
its conformal coverage indefinitely under such conditions. We
also found y films at this length scale to be “amorphous-like”
because of structural distortions. At higher temperatures where
the film thickness increases, the limiting behavior of the films is
known to vanish, and crystallization into y and then to a-
alumina (through several other intermediate phases) becomes
inevitable, where the effectiveness in oxidation protection varies
depending on the stable crystal phase, morphology, and
microstructure.*’

Finally, stabilization of metastable phases, crystalline or
amorphous, has long been addressed with alternative synthesis
methods including but not limited to quenching, alloying,
nanoparticle formation, and thin-film growth on a substrate,
with examples not only in AlL,O; but also in many other
polymorphic systems such as ZrO,, TiO,, GaN, and more.”*>*
Although we have focused on the morphology of aluminum
metal surface passivation, the ab initio framework we present is
broadly applicable in the context of selection and stabilization
of metastable polymorphs in the thin-film growth, especially in
competition with the amorphous form as frequently encoun-
tered in synthesis.

4. CONCLUSIONS

Here, we presented an ab initio investigation of the
thermodynamics of phase selection in passive film formation
in aluminum. We showed that combining AIMD and DFT,
realistic models of amorphous-film/crystalline-substrate and
crystalline-film/crystalline-substrate configurations can be
obtained, and relative stabilities of the film—substrate
configurations can be calculated as a function of film thickness.
We found that y-Al,O; becomes more stable than the
corundum and amorphous polymorphs for film thicknesses
down to ~1 nm, below which the amorphous film becomes
more stable. In fact, y-Al,O; films lose all sixfold coordination
and become mostly “amorphous-like” with four- and fivefold
coordination-dominated local environments for Al The
approach presented here can be used for computational design
and discovery of new corrosion-resistant alloys and semi-
conductors, by providing a first-principles framework to search
for ways to induce a stable amorphous passivation layer. Other
possible applications are expected to be in the area of thin-film
deposition, in particular, searching for predictive pathways for
polymorph selection during synthesis.
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