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perative to elucidate the transition mechanisms between these phases. The configurational
similarities between AloO3 and GagQO3 allow for the replication of phase transition pathways
between these materials. In this study, we investigate the potential phase transition pathway
of alumina from the 0-phase to the a-phase using stochastic surface walking global optimiza-
tion based on global neural network potentials, while extending an existing GagOg phase tran-
sition path. Through this exploration, we identify a novel single-atom migration pseudo-
martensitic mechanism, which combines martensitic transformation with single-atom diffu-
sion. This discovery offers valuable insights for experimental endeavors aimed at stabilizing
alumina in transitional phases.
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(Al203)
(Gag03) are both oxides of Group IITA elements, with

similar crystal phases at room temperature. The most

Aluminum oxide and Gallium oxide

stable crystal phase of AlpQOg is the hexagonal a-phase,
with space group of R3C (#167) [1]. Its oxygen sublat-
tice adopts hexagonal closest packing (hcp), with all Al
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atoms occupying octahedral voids (Alp). Besides the o~
phase, there exist several metastable phases known as
transition alumina, including v, 8, 8, etc. [1], among
which the monoclinic 8-phase with space group of C2/m
(#12) [2] is the thermodynamically most stable transi-
tional phase. Unlike the a-phase, the oxygen sublattice
of the 0-phase follows face-centered cubic (fcc) packing,
with 50% of Al atoms filling tetrahedral voids (Alt) and
the remaining 50% filling octahedral voids. The 0-phase
typically forms through the dehydration of Boehmite
(AIOOH) at approximately 1300 K and transforms into
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the a-phase upon further heating to 1500 K [1]. Interest-
ingly, both a-AloO3 and 6-AlsO3 have analogous phases
in Gag03, corresponding to o-GaoO3 and B-Gag0s3, re-
spectively. However, the monoclinic f-phase is the most
stable phase of GaoOg under ambient conditions, under-
going transformation into a-GaoOs by applying pres-
sure up to 6.5 GPa, accompanied by a 10% reduction in
volume [3, 4]. The reverse transformation from a-phase
to B-phase typically occurs upon heating to 600 °C [5].
Due to the structural similarity between the two oxides,
they are often used in mixtures in catalysts and semi-
conductor materials [6, 7]. However, owing to the differ-
ing stability of similar crystal phases in the two oxides,
phase transitions easily occur during usage, resulting in
undesired changes in material properties [8, 9]. There-
fore, understanding the phase transition mechanism of
the two oxides holds significant value for their im-
proved utilization in industry.

The investigation of the 6-a phase transition of
Al»Oj3 is scarce, primarily due to the high preparation
temperature, the presence of mixed crystal phases, and
the rapid phase transition, making direct experimental
observation challenging. Although the complete mecha-
nism for this phase transition remains elusive, it has
long been recognized that the contacts between the alu-
mina particles dominate the sintering process [10]. Re-
cently, through the preparation of rod-shaped 6-AlsO3
samples exposing different crystal facets, Jang et al. [11]
discovered that the phase transition temperature
(1500 K) of nanorods exposing the (110) surface is no-
tably lower than that (1600 K) of nanorods exposing
the (100) surface, suggesting anisotropic configura-
tional evolution during the phase transition. Theoreti-
cally, Huang et al. [12] drew upon the “synchro-shear”
mechanism that was proposed in 1963 by Kachi et al.
[13], wherein the oxygen sublattice first undergoes lay-
ered slipping, transitioning from an fcc to an hep motif,
followed by the migration of Al atoms between adja-
cent octahedral voids. The pathway passes an interme-
diate state which is 0.53 eV/f.u. higher in energy than
that of the 8-phase during the oxygen sublattice trans-
formation from fcc to hep. In comparison to AlsQOs, sig-
nificant effort has been devoted to understanding the
phase transition from B-GagOg to a-Gag0Os3. Theoretical-
ly, Zhu et al. [14] discovered a multi-step mechanism
through exploration of the global potential energy sur-
face (PES), where the oxygen sublattice undergoes al-
ternative hcp-fee-hep-fee changes. The discovered orien-
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tation relation (OR) is in good agreement with experi-
mental observations. Subsequently, by further optimiz-
ing the intermediate states of this multi-step mecha-
nism under 20 GPa, Song et al. [15] uncovered a new
mechanism with an even lower energy barrier. This new
mechanism requires only one hcp-fcc transformation
and involves the overall migration of Ga atoms from
tetrahedral voids to octahedral voids.

Considering the configurational similarity between
Al>O3 and Gas0s3, here we have uncovered a compre-
hensive mechanism of the 8-a phase transition of AlaOs3,
which is built upon the low-energy GasO3 phase transi-
tion mechanism through extensive exploration of the
global PES using a global neural network (G-NN) po-
tential. Diverging from the phase transition mechanism
found in GagOg, this novel mechanism revolves around
the transition of Al atoms in fcc oxygen sublattice
through a series of single-atom diffusions, rather than a
one-step overall movement. The rate-determining step
of this mechanism is a martensitic phase transforma-
tion, corresponding to the transition of the oxygen lat-
tice from fcc to hep phases.

All the pathway exploration of AloOg3 is performed
using the SSW-RS method [16, 17], with global neural
network potential [18] as implemented in LASP soft-
ware [19, 20]. The transition states are located using
VCDESW method [21]. The AI-O-H G-NN potential
has a five-layer (269-80-80-80-5) feed-forward MBNN
architecture for each element, in total containing
104895 fitting parameters, trained on a dataset contain-
ing energy, forces, and stresses of 13610 structures,
which is calculated using plane-wave DFT calculations
as implemented in VASP (Vienna Ab-initio Simulation
Package) [22] with the following setups: the DFT func-
tional being at the optB88-vdW functional level [23,
24], which showed good accuracy in computing the ge-
ometry and energies of several solid phase of alumina
[25]; the kinetic energy cut off being 450 eV; the projec-
tor augmented wave (PAW) pseudopotential [26] uti-
lized to describe ionic core electrons; the fully automat-
ic Monkhorst-Pack K-mesh with 25 times the recipro-
cal lattice vectors [27] for the first Brillouin zone A-point
sampling. To optimize the structure, we minimize the
total energy until the total forces on each atom are
smaller than 0.05 eV/A. The root-mean-square- errors
(RMSE) for the energy and the force of the G-NN are
4.882 meV /atom and 0.177 eV /A, respectively. The 0-
phase model we employ comprises a 60-atom unit cell,

© 2024 Chinese Physical Society
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FIG. 1 The energy profile of three phase transition pathways from 6-AloO3 to a-AlsO3. The path with red color is analog
to the alternative fcc-hep-fee-hep pathway as reported by Zhu et al. [14]. The blue path is analog to the single fcc-hep
transformation pathway as reported by Song et al. [15]. The green path is newly discovered in this work. The energy of the
0-phase is set to be zero. The transition states are represented by hollow bars and the intermediate states are shown by sol-
id bars. The energies of the highest transition state of the single fcc-hep path (TS-single) and the new path (T'S6) are la-

beled in the figure.

analogous to the B-phase GagO3 model used in the pre-
vious literature [15]. All results reported in this work,
including the energy profile of the phase transition
pathway and the snapshots of configuration in AlsO3
and Gag0s, are finally converged using DFT calcula-
tions.

We firstly investigate the phase transition pathways
following two mechanisms reported by Zhu et al. [14]
and Song et al. [15] in GagOg by substituting all the Ga
atoms into Al in the intermediate states and locating
the transition states. The energy profile is shown in
FIG. 1. The energy of the 0-phase is set to be zero and
the energy of a-AlyO3 is 1.48 meV /atom. The barriers
for both pathways are higher than those reported in
Gap0gs, aligning with the notably higher phase transi-
tion temperature in AloO3 (1500 K) compared to GagOs
(900 K) [5]. The single fcc-hep pathway (blue path in
FIG. 1) still presents a lower energy barrier
(0.42 eV/f.u.) than that (0.62 eV/f.u.) of the multiple
fce-hep-fee-hep pathway (red path in FIG. 1). For the
single fcc-hep transition pathway, the transition state of
the rate determining step is T'S-single in FIG. 1, corre-
sponding to the overall migration of Al atoms between
several tetrahedral voids (AlT) and octahedral voids
(Alo).

We then try to discover other possible transition
pathways by using SSW-RS methods. The 6-phase, a-
phase and all intermediate states in the single fcc-hep

pathways serve as the starting configuration for the
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SSW-RS runs. For each starting configuration, we have
performed 10000 SSW-RS runs, capturing structure
pairs that connect the starting configuration with ei-
ther a-phase or 6-phase. In total we have collected 87
pairs reaching o-phase and 2595 pairs reaching 6-phase.
All those configuration pairs are then used to locate the
transition states using DESW methods.

By analyzing all 2682 pathways, we indeed uncover a
new pathway with a lower overall barrier than Song’s
mechanism. The key distinction between the two mech-
anisms lies in the transition pathway from the 8-phase
to MS5. In this new pathway, depicted as the green
path in FIG. 1, five elementary steps are involved. The
highest energy along the path from 6-phase to MS5 cor-
responds to TS5, which is 0.10 eV /f.u. lower than the
energy of T'S-single. The remaining portion of the path,
connecting MS5 with the a-phase, remains identical to
the single fcc-hcp path, composed by a martensitic
transformation step (MS5 to MS6) and two atomic dif-
fusion steps (MS6 to o-phase) in sequence. As a result,
the transition state of the rate determining step for the
entire new pathway is now TS6, corresponding to an
overall barrier of 0.35 eV /f.u., being much lower than
that of the “synchro-shear” mechanism proposed by
Huang et al. [12].

In FIG. 2(a), we present snapshots of the five ele-
mentary steps comprising the new path from the 6-
phase to MS5, where each step involves local diffusion
of one or two Al atoms. The first step involves two Al

© 2024 Chinese Physical Society


https://doi.org/10.1063/1674-0068/cjcp2404057
https://doi.org/10.1063/1674-0068/cjcp2404057
https://doi.org/10.1063/1674-0068/cjcp2404057
https://doi.org/10.1063/1674-0068/cjcp2404057
https://doi.org/10.1063/1674-0068/cjcp2404057

468 Chin. J. Chem. Phys., Vol. 37, No. 4

Xiao Yang et al.

FIG. 2 (a) The snapshots of configurations along the 6-AlyO3 to a-AlpO3 transition pathway, corresponding to the green
curve in FIG. 1. The migrating Al atoms of each step are highlighted by different colors and pointed by arrows. The lat-
tice direction corresponding to the fcc sublattice is labeled. (b) The snapshots of MS5 and MS6 in FIG. 1. The Al atoms
converting from AlT to distort Alp are highlighted in blue. Oxygen atoms in different closest packing plane are highlighted
in green triangle for both configuration. (¢) The snapshots of MS6, MS7 and a-AlyO3. The migrating Al atoms of each step
are highlighted by different colors and pointed by arrows. Purple, yellow, green, blue balls: Al, red balls: O.

moving from Alr site to a nearby Alg site along [111]
(Al}) and [111] (Alp) direction, respectively. The sec-
ond step involves Alj moving from Alg site to Al site
along [111] direction. The third step involves Aljr mov-
ing from Alg site to Al site along [111] direction. The
fourth step involves Alry moving from Al site to a dis-
tort Alg site along [111] direction and Aly moving from
AlT to a distort Alp site (five coordinated) along the
[001] direction. The fifth step involves Aly moving from
distort Alp to the Aly site along the [001] direction and
Aly1 moving from Al site to Alg site along [111] direc-
tion. The transition distances of six Al atoms are all
around 1.3 A, corresponding to the distance between
the nearest Al and Alg site. Throughout the transi-
tion from the B-phase to MS5, two AlT atoms migrate to
Alg site, two Alp atoms migrate to Al site and two

AlT atoms move to the adjacent Alr sites, maintaining

DOI: 10.1063/1674-0068/cjcp2404057

the proportion of Alt atoms at 50% in MS5. It is worth
noting that the Al <> Alp migration of four Al atoms
along [111] and [111] all crossing the closest packing
plane of oxygen sublattice, while for Aljy and Aly, the
migrating through Alp-Alp-AlT path occurs between
two oxygen closest packing planes. Notably, no lattice
orientational change occurs during the whole process,
and the oxygen sublattice retains the fcc close packing
motif. However, due to the rearrangement of Al atoms,
the lattice parameter shifts from (a=8.41 A, 6=9.30 A,
c=8.41 A, a=87.62°, B=116.70°, v=82.84°) in O-phase
to (a=8.63 A, b=9.25A, c=8.45A, a=90.01°, B=
119.33°, v=83.08°) in MS5.

We have also shown the rate-determining step of
MS5 to MS6 transition in FIG. 2(b), which is a marten-
sitic transformation analogous to the corresponding
pathway in GapOs3 phase transition [15]. In this step,

© 2024 Chinese Physical Society
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FIG. 3 The energy profile of three phase transition pathways from p-GasOg3 to a-Gag0Os. The red and blue path are re-
ported by Zhu et al. [14] and Song et al. [15], respectively. The green path is newly discovered in this work. The energy of
the B-phase is set to be zero. The transition states are represented by hollow bars and the intermediate states are shown by

solid bars.

the fcc oxygen sublattice in MS5 transform into hcp
motif in MS6 accompanied by the conversion of all Alp
atoms into distort Alp atoms and an increase of density
by 7.66%. The orientation relation (OR) in the hep and
fcc oxygen sublattice is (0001)nep//(111)fec and
[1120]nep//[110]fec, indicating that the closest packing
oxygen layer remains unchanged during the transition,
as shown in FIG. 2(b). It is worth noting that the lat-
tice parameters of MS5 in this step (a=9.23 A, b=
8.43 A, ¢=8.61 A, a=60.64°, 3=96.81°, ¥=90.01°) are
different from that of MS5 in the step of MS4 to MS5.
The final steps from MS6 to a-AloOgz involve four Al
atoms migrating along [0001] or [0001] direction
(FIG. 2(c)), all crossing the closest packing oxygen
plane, which are the same as those in GagOs. This
mechanism provides insights into the experimental ob-
servation that 6-AlpO3 particles with exposure trans-
forms into the a-phase at lower temperatures than sam-
ples primarily exposing the (100) surface [11]. We no-
tice that the (110) surface of 6-phase corresponds to the
(111)fcc surface, which is the habit plane of the marten-
sitic transformation step in the lowest energy pathway.
Hence by exposing more (110) surface, the a-phase is
more likely to grow on this surface, triggering the phase
transition of the contacted layers in 6-phase.

Finally, we examined the energy profile (FIG. 3) of
the single-atom migration mechanism in the o-to-f
phase transition of GagOs3. TS1-TS2 in FIG. 1 merges
into TS1 in FIG. 3 and TS4-TS5 merges into TS3 in
FIG. 3. The snapshots of Ga migration are shown in
FIG. S1 (Supplementary materials, SM), where the Ga
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atoms also show single atom movement. As shown in
FIG. 3, our new mechanism indeed reduces the barrier
from 0.34 eV/f.u. in Song’s mechanism to 0.27 eV/f.u.
for Ga atom migration in the fcc oxygen sublattice, in-
dicating that the individual atom diffusion commonly
exists in the oxygen fcc sublattice of AloO3 and GagQOs
and possibly other M2O3 metal oxide. However, the
atom migration within the hcp oxygen sublattice re-
mains the rate determining step.

In summary, by using the global PES exploration to
extend the phase transition mechanism derived from
Gag03, we have unveiled a novel mechanism governing
the phase transition between the 6-phase and a-phase of
AlyO3 and the B-phase and a-phase of GagQs3. This new
mechanism encompasses a combination of single atom-
ic local diffusion and a martensitic transformation in-
volving shearing of the oxygen sublattice parallel to the
close packing plane, which we call single-atom pseudo-
martensitic transformation. The discovery of this mech-
anism provides potential guidance for the experimental
synthesis of GagOsz and AlyOsz compounds with ideal
phases and thermostabilities.

Supplementary materials: The computational detail of
the training of Al-O-H ternary G-NN potential, the
benchmark of G-NN potential against DFT calcula-
tions, the snapshots of GagO3 phase transition and the
coordinates of key configurations are shown.
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