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Gallium defects in α-Al2O3: A density functional theory study
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Aluminum is an important component in many consumer goods, such as automobiles. Ore refinement and
the production of end products incurs a significant energy cost. An alternative is to leverage liquid metal
embrittlement (LME); here, a liquid metal alloys with a solid matrix to form a brittle alloy. By outlining the
desired shape, LME can produce low-cost machined parts and take advantage of recycled stock. A famous
example is the LME of aluminum via gallium. An issue that arises is the formation of aluminum oxide (Al2O3),
either as a passivation layer or along the aluminum grain boundaries. It is not clear from the existing literature
how this oxide layer would impact the LME through the application of gallium. In the current study, we examine
the defect formation energies of gallium in α-Al2O3 and its diffusion barriers as a function of gallium charge
state. We find that while gallium in the +3 charge state is thermodynamically favored to insert into α-Al2O3,
there exists a high diffusion barrier that prevents it from traveling through the Al2O3 matrix.
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I. INTRODUCTION

Aluminum is a major metal that has seen extensive us-
age in industry [1–4], a prominent example of which is the
use of aluminum parts for use in automobiles owing to its
light weight, which has proven effective in the reduction of
emissions and fuel usage [4,5]. This has resulted in a nearly
threefold increase in aluminum usage in automobiles from
50 kg in 1990 to ∼150–180 kg in 2020 [3]. However, the
standard methods of aluminum refinement from raw ore to
end consumer products carries significant energy costs and
requires a robust infrastructure. The prominent method of
aluminum refinement is from bauxite ore [4,6–9]. In order
to produce one metric ton of aluminum, five metric tons
of bauxite ore is required alongside ∼10–20 gigajoules per
metric ton of energy [4]. Finally, it should be mentioned that
70% of greenhouse gas emissions resulting from the alu-
minum production cycle originates from the smelting process
alone [8]. An alternate route is to utilize recycling techniques
[4,10–14]; every 1 kg of Al recycled results in 4 kg of baux-
ite not needing to be smelted [12]. Recycled aluminum has
been proposed for usages in areas such as concrete strength-
ening [10], for use in mortar [13], and the production of
zeolites [14]. Unfortunately, it is not only the processing of
aluminum ore that is energy intensive; the manufacturing of
end products is also energy intensive, whether one uses die
casting [15], welding [16,17], milling [18], and/or dry turn-
ing [19].
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One way to reduce the energy cost associated with the
aluminum economy to manipulate the mechanical properties
of aluminum through alloying it with different metals. Of
particular interest is the phenomenon known as liquid metal
embrittlement (LME). First appearing in 1914 [20,21], it is
a technique wherein a liquid metal (e.g., mercury) is applied
to a solid metal. The liquid metal then penetrates and diffuses
along the grain boundaries of the solid metal, forming a brittle
alloy [22–25]. While typically considered a manufacturing
hazard (for example, in the welding of galvanized steel, the
zinc coating becomes liquid and can diffuse into the iron
matrix and lead to crack formation [26]), one can imagine a
more beneficial process in which a liquid metal is used to draw
a shape on a solid metal. Subsequently, a brittle alloy will
form around the shape and allow for the desired end product to
simply be pushed out of its matrix for further refinement. This
could be utilized in the production of aluminum components
by the application of gallium (Ga), which is a well-known
example of LME [22,23,27–35], and is (in principal) agnostic
of the aluminum source. This opens up a route to utilize
recycled aluminum in a more energy-efficient method.

A problem that exists that prevents implementation is the
presence of aluminum oxide. This oxide forms in two key
areas: as a passivation layer on top of the exposed alu-
minum surface and as intergranular oxides. With regard to
the passivation layer, Al2O3 is frequently used as a means to
prevent corrosion of underlying metals [36–39]; this is due to
its relatively high chemical robustness. Intergranular oxides
have been shown to either hinder or help the LME process
[26,40–48]; however, the impact of intergranular Al2O3 is not
clear as there have not been many studies regarding Ga on
Al2O3 (despite Al2O3 being used as a substrate for the growth
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of gallium nitride (GaN) [49–53] and gallium oxide (Ga2O3)
films [54–57]). Of the few studies done on Ga with Al2O3,
Yang et al. [58] found on the basis of density functional theory
(DFT) that Ga binds preferentially onto Al2O3(0001) surfaces
with a binding energy of ∼ − 1.7 eV. Another study by Lin
et al. [49] found using kinetics studies that Ga3+ adsorbs onto
γ -Al2O3, albeit with a pH dependence.

We present a systematic exploration of the energetics
involved in the addition of Ga to Al2O3. The focus on inter-
stitials is owed to our interest in how Ga can interpenetrate
and migrate through the α-Al2O3 matrix and determine if
α-Al2O3 is an inhibitor for LME. We calculate the defect
formation energy (DFE) for Ga in the zero to +3 charge states
for the unoccupied Wyckoff sites of α-Al2O3 and find that all
four sites are roughly equivalent in terms of DFE. Curiously
we find for the 0 to +2 charge states the DFEs are positive
but becomes negative for the +3, indicating that Ga3+ can
form an interstitial defect in α-Al2O3. Upon calculation of
the diffusion barriers we find that the lowest barriers exist for
the zero charge state, and increases up to the +3 charge state.
We attribute this phenomena to an enhanced binding between
the Ga3+ and the surrounding atoms in the α-Al2O3 matrix.
Overall our calculations indicate that α-Al2O3 would act as
an inhibitor for the LME of aluminum by Ga.

II. METHODS

A. Computational methods

Our density functional theory (DFT) calculations were per-
formed with the GPAW electronic structure package [59] with
the Atomic Simulation Environment (ASE) package [60]. The
projector augmented wave function (PAW) method [61–63]
was used to represent the core electrons. Unit cells were
initially optimized with a plane-wave basis set using a 600 eV
cutoff; positions and energetics were calculated with the
finite-difference basis set [61,64] with a grid spacing of 0.2 Å
(such a grid spacing corresponds to a kinetic energy cutoff
of ∼900 eV [64]). Fermi-level discontinuities were corrected
with a Fermi-Dirac smearing scheme using a smearing param-
eter of 0.05 eV. Energies were minimized to self-consistency
using the residual minimization method-direct inversion of
iterative subspace (RMM-DIIS) method [65,66] to a threshold
of 10−6 eV. In Sec. III A we discuss our choice of exchange-
correlation functional as well as our choice of k-point mesh.

The defect formation energies (DFE or EDFE) are cal-
culated in the standard fashion using the Zhang-Northrup
formula [67–69]

EDFE = Edefect − Ebulk −
N∑
i

niμi + q(εVBM + εFermi + εshift ),

(1)
where Edefect is the DFT energy of the defected cell and Ebulk is
the DFT energy of the undefected cell. The niμi term denotes
the dopant chemical species, with ni being the number of
atoms of dopant i and μi is the chemical potential of dopant
i. The q(εVBM + εFermi + εshift ) term represents the chemical
potential of an electron, where q is the charge of the supercell,
εVBM is the valence band maximum, εFermi is the Fermi level
relative to the valence band maximum (here taken to be 0),

FIG. 1. Location of the various Wyckoff sites in α-Al2O3. Alu-
minum atoms (gray spheres) are located on the 12c sites and
oxygen atoms (red spheres) are located at the 18e site. The green
sphere denotes the 6a site, violet the 6b site, blue the 18d site,
and yellow the 36f site. The solid black line denotes the unit cell
boundary.

and εshift is the core-potential shift due to the change in charge
state from the neutral (note that some authors may denote this
term as �V ; however, we adopted the εshift nomenclature as
�V also denotes a volume change and we wish to avoid any
confusion on behalf of our readers). It should be pointed out
that the electron chemical potential in Eq. (1) will also need
to be corrected for electrostatic interactions between defects
of neighboring cells [70]. In the current study we utilized
the method of Komsa and Pasquarello [71] as implemented
in GPAW to get the correct for the electrostatic interactions
between neighboring cells as well as providing the εshift term.

We calculate charge density differences (ρdiff ) according
to,

ρdiff = ρGaX-Al2O3
− ρAl2O3 − ρGaX , (2)

where ρ is the all electron density from DFT, and X de-
notes the charge state. Atomistic charges and volumes were
calculated using Bader’s atoms-in-molecules [72] using the
implementation of Henkelman and coworkers [73–75]. Dif-
fusion barriers were calculated using the nudged elastic band
(NEB) method [76] as implemented in ASE. Images for the
NEB were optimized to a force threshold of 0.1 eV Å−1.

B. α-Al2O3 structure and chemical potentials

α-Al2O3 belongs to the R-3c space group, which features
six Wyckoff sites: 6a, 6b, 12c, 18d, 18e, and 36f. Oxygens
occupy the 18e sites, and Al atoms occupy the 12c sites,
resulting in the 6a, 6b, 18d, and 36f sites free for an inter-
stitial doping of Ga. These sites are shown in Fig. 1 and
their positions in crystallographic coordinates are reported
in Table III. We note that for the 36f site, the coordinates
depending on the position of the other atoms; in this case
we were able to determine (x, y, z) from examination of the
crystallographic coordinates of the aluminum and oxygen
atoms (see Sec. III B 4 for more details). For the calculation of
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TABLE I. Crystal structure, lattice parameters, and band gaps with respect to density functional.

Crystal Lattice Parameters (Å)

Material Structure Functional A B C Band Gap (eV)

Gallium (Ga) Cmce (#64) LDA 4.450 7.480 4.459
A �= B �= C PBE 4.577 7.842 4.596

optPBE-vdW 4.636 7.901 4.644
PBEsol 4.498 7.693 4.512

Expt [78] 4.526 7.657 4.519
Aluminum (Al) Fm-3m (#225) LDA 3.989

A = B = C PBE 4.045
optPBE-vdW 4.083

PBEsol 4.020
Expt [79] 4.040

α-Al2O3 R-3c (#167) LDA 4.709 12.811 6.633
A = B �= C PBE 4.785 13.030 6.078

optPBE-vdW 4.788 13.033 6.240
PBEsol 4.752 12.932 6.299

Expt [80] 4.750 12.928 ∼6.2 [81–84]

our defect formation energies, we replicated the primitive cell
by p(3 × 3 × 1) and used the � point for the k mesh (the rapid
convergence of the α-Al2O3 chemical potential with respect to
k-point density in Table II indicates that this is an appropriate
choice).

For the solid species Ga, Al, and α-Al2O3 we define the
chemical potential μ as,

μ = EDFT
bulk

Nf.u.

, (3)

where EDFT
bulk is the DFT energy of the bulk system and Nf.u. is

the number of formula units in the unit cell. For oxygen we
have utilized two different chemical potentials: one originat-
ing from water and one from molecular oxygen,

μO(H2O) = EDFT
H2O − EDFT

H2
, (4a)

μO(O2) = 1
2 EDFT

O2
, (4b)

where EDFT
X is the DFT energy of species X . If we take the

vibrations of the molecular species in Eq. (4), we can calcu-
late the chemical potentials as a function of temperature and
pressure [77]. Here, we use the VIBRATIONS and IDEALGAS-
THERMO modules of ASE to calculate the thermal corrections
using a temperature of 25 ◦C and a pressure of one atmosphere
(101.325 kPa).

Certain defects and their associated chemical potentials
will depend upon the conditions, i.e., whether it is oxygen
or aluminum-rich. For defects involving gallium, we always
assume gallium-rich conditions and therefore the chemical
potential for gallium is given in Eq. (3). Under aluminum-rich
conditions, we talk μAl to be defined in Eq. (3) and back
calculate the oxygen chemical potential using the chemical
potential of α-Al2O3,

μO(Al rich) = μα-Al2O3 − NAl ∗ μAl

NO
, (5)

where NAl/O is the number of Al and O atoms in the α-Al2O3

unit cell that μα-Al2O3 is calculated from. In a similar fashion,

under oxygen-rich conditions μO is calculated according to
Eq. (4) and μAl is calculated from α-Al2O3,

μAl(O rich) = μα-Al2O3 − NO ∗ μO

NAl
, (6)

where μO is from either Eqs. (4a) or (4b).

III. RESULTS AND DISCUSSION

A. Choice of functional and k points

In order to determine the best functional and choice of k
points, we examined the unit cell parameters for bulk Ga, Al,
and α-Al2O3 to experimental values in Table I. The choice
of the α form of Al2O3 is mediated by the fact that this is
the lowest-energy polymorph [85,86] and has been found to
exist as an intergranular oxide [41]. For the calculations of
our lattice parameters, we initially utilized a k-point mesh
of 3 × 3 × 3 as this grid has served us well in prior stud-
ies [87–91] for the calculation of unit cell parameters. We
examined the LDA [92], PBE [93], optPBE-vdW [94,95],
and PBEsol [96] functionals. Gallium (Ga) belongs to space
group Cmce (#64) where (where A �= B �= C). Barnett and
Spooner reported lattice constants of [A, B, C] = [4.526,
7.526, 4.519]Å; optPBE-vdW overestimates these parameters
by ∼0.15 Å. Conversely, LDA underestimates these values by
roughly the same amount. PBE does the best, with PBEsol
close behind it. For aluminum (Al), the space group is cubic
(Fm-3m, #225) and thus there is only one lattice parameter
to determine. Similar for Ga, optPBE-vdW and LDA both
over- and underestimate the lattice constant (respectively).
PBE and PBEsol are fairly close to each other, with PBE
edging out PBEsol. Finally for α-Al2O3 (space group R-3c,
#167) we find once again optPBE-vdW and LDA over- and
underestimates (respectively) the two lattice constants (A and
C). However, we find that PBE also overestimates the lat-
tice constants and are nearly identical to the optPBE-vdW
results.
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TABLE II. Optimal k-point density and meshes, and chemical
potentials [with chemical potentials defined in Eq. (3)].

Chemical

Material k density k mesh potential (eV)

Gallium (Ga) 3.00 5 × 3 × 5 –3.34
Aluminum (Al) 4.00 7 × 7 × 7 –4.09
α-Al2O3 2.00 3 × 3 × 1 –40.71

In addition to calculating the lattice constants, we also
considered how the band gap differs with choice of functional.
We report our results in Table I. As gallium and aluminum
are referenced to their metallic states we do not consider their
band gap as it is zero by definition. Experimentally the band
gap of α-Al2O3 has been determined to be ∼6.2 eV [81–84];
LDA overestimates this value by ∼0.4 eV. Conversely PBE,
optPBE-vdW, and PBEsol are closer with differences of
∼0.2 eV, ∼0.04 eV, and ∼0.1 eV, respectively. Given that
PBEsol does the best for capturing the experimental lattice
constants of α-Al2O3 and the small error this functional has
in the calculation of the band gap, we will be using PBEsol
for the remainder of our study.

Having established PBEsol as our density functional of
choice, we now turn to our choice of k-point mesh. This
choice is of particular concern for our chemical potentials as
energetics are more slow to converge with respect to k points
than geometrical parameters. In Fig. S1 of the Supplemental
Material [97] we plot the energy of a formula unit for three
bulk crystals of Ga, Al, and α-Al2O3 for a �-centered k-point
mesh. In order to make the plots easier, we plot the chemical
potential as a function of the k-point density, which is defined
as,

ρk = N
a

2π
, (7)

where N is a vector specifying the number of k points and
a denotes the lattice vector. For Ga we find the k points are
converged at a ρk of 3, for Al it is converged at 4, and for
α-Al2O3 it is converged at 2 [97]. Converged k-point densities,
the associated k-point mesh, and μi’s are reported in Table II.

B. Ga defects in α-Al2O3

1. Ga@6a

In terms of crystal coordinates, the 6a Wyckoff site is
located at (0, 0, 1

4 ). Insertion of the Ga at this location and its
resulting location following optimization is shown in Fig. 2.
Upon optimization of the unit cell, the Ga defect pushes onto
the neighboring Al3+ atoms, resulting in one Al3+ species
to partially occupy the 6b Wyckoff site. From Table III the
addition of a metallic Ga0 species is an endothermic process,
with a DFE of 10.6 eV. Removal of an electron lowers the
DFE to 5.4 eV. Removal of a second electron further lowers
the DFE to 2.4 eV, and finally the Ga3+ state is exothermic
with a DFE of −1.2 eV. Compared to the undefected α-Al2O3

crystal, the 6a defect expands the volume of the unit cell
slightly by 1.2%. The degree of volumetric expansion is also
very slight for the +1 and +2 states; however for the +3 state

FIG. 2. Optimized Ga defect at the 6a Wyckoff site. Red, gray,
and green spheres denote oxygen, aluminum, and gallium, respec-
tively. The solid black line denotes the unit cell boundary.

we see a contraction of the unit cell volume compared to the
pristine (i.e., undefected) crystal cell.

In Table S1 [97], we report the Ga nearest-neighbor dis-
tances up to ∼3 Å with the atomic charges and volumes from
a Bader charge density analysis [97]. For charge states 1–3, we
report the changes in these values relative to the neutral defect;
if the value is negative it has decreased, while a positive value
denotes that it has increased. In terms of atomic charges,
this means that if �q is negative then that atom has gained
electrons and vice versa. For the Ga@6a, we find that there
are three O2− at ∼2 Å, two Al3+ at ∼2.2–2.3 Å, three O2−
at 2.6 Å, and finally three Al3+ at 2.8 Å. With the excep-
tion of the Al3+ at 2.2 and 2.3 Å, all the nearest neighbors
are relatively consistent in terms of charges and volumes.
The exceptions are the Al3+ species that are on either side
of the Ga in the z direction as shown in Fig. 2 [these Al3+

sites are marked with an asterisk (*) in Table S1] [97]. The
charges for these two species are lower than the other Al3+

TABLE III. Interstitial Ga defects in α-Al2O3 with different ref-
erence states as a function of Ga charge.

Wyckoff % �V Defect Formation Energy (eV)

Position Charge (Å3) Metallic Ga(OH)3 Ga(NO3)3

6a 0 1.22% 10.64
(0, 0, 1

4 ) 1 0.59% 5.39
2 0.16% 2.40
3 −0.31% −1.17 −1.95 −3.49

6b 0 0.99% 9.92
(0, 0, 0) 1 0.48% 5.82

2 0.07% 2.64
3 −0.34% −1.04 −1.82 −3.36

18d 0 0.89% 10.75
( 1

2 , 0, 0) 1 0.52% 5.38
2 0.07% 2.63
3 −0.34% −1.06 −1.84 −3.38

36f 0 0.85% 10.77
(x, y, z) 1 0.53% 5.32

2 0.09% 2.50
3 −0.34% −1.12 −1.90 −3.44
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FIG. 3. Charge density differences for a Ga interstitial at the 6a Wyckoff site for charge states 0–3. Red, gray, and green spheres denote
oxygen, aluminum, and gallium, respectively. The solid black line denotes the unit cell boundary. The atoms and density grid were shifted by
0.5 of the unit cell in the x and z direction for ease of visualization around the periodic boundaries. Isosurface shown is the 1 × 10−3 e− Å−3.
Yellow regions denotes areas of charge accumulation whereas blue denotes areas of charge depletion.

species; however, it should be noted that the neighboring Ga
also has a small partial charge of ∼0.3 e−. This demonstrates
that as we add in the Ga, it forms a small positive charge
state by donating electron density to the Al3+ species that
is has displaced in forming the defect. This picture is further
supported when we examine the atomic volumes; here we see
an increase in volume that is consistent with the donation of
electron density from a neighboring atom.

As we increase the charge state, we find that the Ga accu-
mulates a more positive charge and a decrease in the atomic
volume; for the +3 state the atomic volume has decreased
by ∼50%. The atomic volumes of the neighboring oxygens
changes very little; this is in line with the negligible differ-
ences in atomic charges for these species. The nearest Al3+

species show a slight loss of electrons with a contraction of the
atomic volumes. This is in line with the charge state being de-
localized; however, this delocalization is still centered around
the Ga defect. These changes and the delocalization effect can
be visually seen from the charge density differences shown
in Fig. 3. From this figure we can see that as we move from
the neutral to a higher charge state, the positive region grows
and creates a roughly spherical region of negative charge.
Moreover we also observe that the interatomic distances also
decrease, with the degree of decreasing being related to an
increase in the charge state. Table S1 also demonstrates the

origin of the volume contractions reported in Table III, i.e.,
namely that the introduction of a positive charge state causes
not only a contraction of the atomic volumes, but also the
atomic bonds in α-Al2O3 [97].

2. Ga@6b

The crystal coordinate of the 6b Wyckoff site is located at
the origin of the unit cell. Optimization of this defect is shown
in Fig. 4. In contrast to the 6a site, the defect at the 6b site
does not cause a major displacement of neighboring atoms.
Examination of the nearest neighbors shows two Al3+ sites
at 2.21 Å, six O2− sites also at 2.25 Å, and six Al3+ sites at
2.87 Å. In the neutral crystal, the Ga carries a small positive
charge of 0.13 e−, the nearest Al3+ sites carries a charge of
2.37 e−, the oxygens –1.65 e−, and the far aluminums 2.52
e−. In terms of nearest-neighbor interactions, the 6b defect
does not introduce the type of polarization shown for the 6a
site, i.e., the atomic charges and volumes of the neighbors are
consistent with each other. Moving to a higher charge state we
observe an accumulation of positive charge on the Ga atom
and a decrease in the atomic volume; these changes are in line
with what we reported for the 6a defect above. In contrast to
the 6a defect, for the 6b defect the atomic volumes for two
of the oxygens are much smaller than the other four. This
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FIG. 4. Optimized Ga defect at the 6b Wyckoff site. Red, gray,
and green spheres denote oxygen, aluminum, and gallium, respec-
tively. The solid black line denotes the unit cell boundary.

contraction starts at the +1 charge state, and is amplified as
we move towards the +3. These two oxygen atoms also lose
electron density, and become less negative than their fellow
oxygen atoms. Moreover these two oxygen atoms experience
a slight elongation of their chemical bonds with a higher
decrease in their atomic volumes in contrast to their fellows.
For the nearest Al3+ sites, there is a loss of electron density
leading to a higher atomic charge and a contraction of atomic
volumes. For the far Al3+ sites, these are relatively unchanged
from the neutral crystal [97]. In terms of the DFE energetics,
the 6b site follows the same trends that we saw for the 6a;
namely, the neutral crystal has a high DFE of ∼10 eV, which
decreases to –1.12 eV for the +3 charge state.

3. Ga@18d

The 18d Wyckoff site is located at ( 1
2 , 0, 0) and its re-

sulting location following optimization is shown in Fig. 5
. While insertion of Ga at the 18d site does not cause a
dramatic shift in the surrounding atomic positions like we
observed with the 6a site, there are still significant changes
in the local environment, which is in contrast with what we
observed with the 6b site. From Table S3 [97], we can see

FIG. 5. Optimized Ga defect at the 18d Wyckoff site. Red, gray,
and green spheres denote oxygen, aluminum, and gallium, respec-
tively. The solid black line denotes the unit cell boundary.

TABLE IV. Site locations for the 12c and 18e Wyckoff sites
of spacegroup R-3c (#167). Taken from the database of Aroyo
et al. [98]a.

Site Crystal Coordinates

12c (0, 0, z) (0, 0, −z + 1
2 )

(0, 0, −z) (0, 0, z + 1
2 )

18e (x, 0, 1
4 ) (0, x, 1

4 )

(−x, −x, 1
4 ) (−x, 0, 3

4 )

(0, −x, 3
4 ) (x, x, 3

4 )

aLocated online [102].

that gallium’s nearest neighbors are two O2−; while the two
different Ga-O bond lengths may suggest a polarization of
these bonds upon optimization, the equality in the atomic
charges suggests otherwise. However, the atomic volumes of
these two oxygens do differ by 0.60 Å3. As we increase the
crystal charge, we observe a similar trend to the 6a and 6b
sites, i.e. there is a growing positive charge on the Ga, a
contraction in gallium’s atomic volume, and a contraction of
the intercrystal bonds. The positive charge is localized around
the Ga, and has an increasing diffusivity as the charge state
increases (see Fig. S3 [97]). The DFE energetics are similar
to what have been discussed above for the 6a and 6b sites.

4. Ga@36f

Unlike the three previous Wyckoff sites, the 36f Wyckoff
site is located at (x, y, z) where the xyz are defined by ex-
amining the crystal coordinates of the other atoms in the cell.
Using the symmetry information given by Aroyo et al. [98],
we can determine the z coordinate by considering the crystal
coordinates of the 12c aluminum sites and we can determine
the xy by looking at the 18e oxygen sites. The crystal coor-
dinates for both sites are given in Table IV. This gives us the
location of the 36f site as (0.3, 0.3, 0.35). Insertion of the Ga at
this location and its resulting location following optimization
is shown in Fig. 6.

Optimization of the Ga position results in a shift in the
crystal coordinates; however, we do not observe any major re-
arrangements in the α-Al2O3 crystal. Similar to what has been

FIG. 6. Optimized Ga defect at the 36f Wyckoff site. Red, gray,
and green spheres denote oxygen, aluminum, and gallium, respec-
tively. The solid black line denotes the unit cell boundary.
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TABLE V. Ga substitution defects in α-Al2O3 as a function of
charge.

% �V DFE (eV)

Defect Charge (Å3) Al Rich O Richa

Ga@Al Substitution 0 0.13% 2.89 −1.33 / −4.69
1 −0.16% 3.45 −0.77 / −4.13
2 −0.48% 4.39 0.17 / −3.19
3 −0.78% 5.59 1.37 / −1.98

Ga@O Substitution 0 0.84% 8.41 11.23 / 13.47
1 0.39% 4.73 7.55 / 9.78
2 −0.02% 1.82 4.64 / 6.87
3 −0.41% −1.07 1.75 / 3.98

aThe DFE to the right of the slash denotes a reference state of water
and to the left of the slash a reference state for molecular oxygen
(O2).

discussed above, the DFE of the neutral crystal is ∼10 eV,
and decreases to ∼–1 eV for the +3 charge state. Moreover,
we further observe similar changes in the atomic volume of
the Ga (which is in line with the removal of electrons) with a
contraction of the Ga-Al and Ga-O bonds. The positive charge
is largely focused around the Ga, and becomes more diffuse
as the charge state increases (see Fig. S4 [97]).

5. Ga substitutions

In addition to the interstitial sites mentioned above, we can
also introduce a Ga defect into α-Al2O3 as a substitutional
defect wherein either an Al or O atom is replaced with a
Ga. We report the DFEs for such a defect in Table V for 0
� δq � +3 and show the optimized structure in Fig. 7. As
we are removing atoms from the α-Al2O3 matrix, we need
to consider the DFEs as a function of the chemical potential
of these native atoms as shown in Eqs. (3) and (4). From our
results, we can see that Ga replacing an oxygen atom under
Al-rich conditions is a fairly endothermic process with a posi-
tive DFE; however, in contrast to the results for the interstitials
where the DFE got more favorable as �q changes from 0 to
+3, the DFE for a Ga substitution becomes more unfavorable
(i.e., becomes more positive) as we increase �q. This is a
trend that continues under oxygen-rich conditions; however,
here the DFE starts off favorable (–1.3 eV and –4.7 eV for
water and O2 reference, respectively), and trends upwards as
we increase �q. We find that for Ga+

3 a water reference results
in a positive DFE, whereas for an O2 reference the DFE is still
negative.

For a Ga substitution at an Al site we find a similar trend
in the DFE’s with respect to charge that we observed for the
interstitials. Under Al-rich conditions, the DFE starts at 8.4 eV
for �q = 0 and trends downwards and becomes –1.1 eV at
�q = +3. Under oxygen-rich conditions the DFE starts at
11.2 eV and 13.5 eV and decreases to 1.8 eV and 4.0 eV (for
water and O2 reference, respectively).

6. Molecular Ga reference

In the above calculations, we observed that the Ga3+ defect
has a negative DFE, indicating that it is an exothermic process
for the addition of Ga3+ into α-Al2O3. In order to probe this

FIG. 7. Optimized substitutional Ga defects. Red, gray, and
green spheres denote oxygen, aluminum, and gallium, respectively.
The solid black line denotes the unit cell boundary.

further we considered a reference coming from two molecular
species: gallium hydroxide [Ga(OH)3] and gallium nitrate
[Ga(NO3)3]. We used the following chemical reactions for our
reference,

Ga(OH)3 + 3H3O+ � Ga3+ + 6H2O (8a)

Ga(NO3)3 + 3H3O+ � Ga3+ + 3H2O + 3HNO3. (8b)

By assuming equilibrium, we can do a simple rearrange-
ment of Eq. (8) to solve for the energy of Ga3+ and insert
that into Eq. (1). As this is a demonstrative exploration, we
did not consider the effect of solvent in Eq. (8), i.e., all
species were in the gas phase. The resulting DFE’s with these
references are reported in Table III. From here we can see
that the Ga(OH)3 reference lowers the DFE’s by a further
1 eV, indicating a more exothermic process. This effect is
further enhanced when considering the Ga(NO3)3 reference
with DFE’s ranging from ∼–3.3 eV to ∼–3.5 eV. These cal-
culations indicate that there is a possible chemical treatment
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TABLE VI. Al interstitial defects in α-Al2O3 with different ref-
erence states as a function of defect charge.

Wyckoff % �V DFE (eV)

Position Charge (Å3) Al Rich O Richa

6a 0 1.22% 9.59 13.81 / 17.17
(0, 0, 1

4 ) 1 0.67% 5.33 9.55 / 12.91
2 0.26% 0.64 4.87 / 8.22
3 −0.30% −3.85 0.38 / 3.73

6b 0 1.07% 9.99 14.21 / 17.57
(0, 0, 0) 1 0.76% 4.55 8.78 / 12.13

2 0.15% −0.06 4.17 / 7.52
3 −0.48% −4.41 −0.19 / 3.16

18d 0 1.37% 23.96 28.18 / 31.54
( 1

2 , 0, 0) 1 0.52% 4.29 8.51 / 11.86
2 0.14% −0.10 4.12 / 7.48
3 −0.48% −4.45 −0.22 / 3.13

36f 0 1.19% 9.79 14.01 / 7.36
(x, y, z) 1 0.55% 5.06 9.28 / 12.64

2 0.14% −0.26 3.96 / 7.31
3 −0.48% −4.75 −0.53 / 2.83

aThe DFE to the right of the slash denotes a reference state of water
and to the left of the slash a reference state for molecular oxygen
(O2).

for the insertion of Ga into α-Al2O3 and would be worthy of
a further investigation.

C. Intrinsic defects in α-Al2O3

Before presenting a further analysis of the effect of gallium
doping in α-Al2O3, it is instructive to consider intrinsic (i.e.,
native) defects in α-Al2O3. In the current study we consider
the effect of interstitials (defects located at spaces between
atoms), vacancies (the removal of an atom), and antisites
(where one atom of the parent matrix replaces another). Re-
sults are located in Tables VI–VIII.

TABLE VII. Oxygen interstitial defects in α-Al2O3 with differ-
ent reference states as a function of defect charge.

Wyckoff % �V DFE (eV)

Position Charge (Å3) Al Rich O Richa

6a −2 1.58% 30.63 27.82 / 25.58
(0, 0, 1

4 ) −1 0.67% 14.09 11.27 / 9.04
0 0.26% 11.92 9.10 / 6.87

6b −2 1.05% 13.96 11.14 / 8.91
(0, 0, 0) −1 0.64% 11.73 8.92 / 6.68

0 0.28% 10.61 7.79 / 5.55
18d −2 1.00% 12.87 10.06 / 7.82
( 1

2 , 0, 0) −1 0.98% 13.17 10.36 / 8.12
0 0.54% 9.80 7.98 / 4.75

36f −2 1.00% 12.99 10.17 / 7.94
(x, y, z) −1 0.59% 11.29 8.48 / 6.24

0 0.27% 8.30 5.48 / 3.25

aThe DFE to the right of the slash denotes a reference state of water
and to the left of the slash a reference state for molecular oxygen
(O2).

TABLE VIII. Intrinsic vacancy and antisite defects in α-Al2O3

as a function of charge.

% �V DFE (eV)

Defect Charge (Å3) Al Rich O Richa

Al Vacancy −3 1.12% 12.49 8.27 / 4.91
−2 0.70% 12.21 7.99 / 4.63
−1 0.40% 12.19 7.97 / 4.61

0 0.08% 12.60 8.38 / 5.02
O Vacancy 0 −0.08% 1.87 4.68 / 6.92

1 −0.31% −0.18 2.64 / 4.87
2 −0.53% −2.40 0.41 / 2.65

Al@O Antisite −1 1.38% 21.80 28.84 / 34.43
0 0.87% 21.82 28.86 / 34.45
1 0.37% 22.12 29.16 / 35.75
2 −0.08% 22.89 29.93 / 35.52
3 −0.53% 23.91 30.95 / 36.54

O@Al Antisite −1 0.41% 21.57 18.76 / 16.52
0 0.09% 21.76 18.94 / 16.71
1 −0.24% 21.79 18.98 / 16.74
2 −0.59% 21.44 18.62 / 16.38
3 −0.89% 20.70 17.88 / 15.65

aThe DFE to the right of the slash denotes a reference state of water
and to the left of the slash a reference state for molecular oxygen
(O2).

1. α-Al2O3 interstitials

We first examine Al interstitials (with results given in Ta-
ble VI), starting with the 6a Wyckoff site. Initial placement
of an Al atom at this location results in nearest-neighbor
aluminum interactions that are too close; upon optimization
the repulsive forces arising from the small Al-Al distance
results in the neighboring Al atoms being displaced. Under
Al-rich conditions, a neutral Al defect has a DFE of 9.6 eV; as
we increase the charge on this defect the DFE becomes more
negative and thus exothermic and more favorable. Moreover
an increase in the charge state results in a slight contraction
of the unit cell; however, the changes in the unit cell volume
are fairly negligible. Moving to the 6b and 18d Wyckoff sites
we find a similar pattern in the DFE’s; however addition of
Al to the 6b position is slightly more energetically favorable
for the charged species than it is for the 6a site. We also note
an exception in the trend for the Al0 state for the 18d position;
here the DFE is 24 eV, which is over twice the similar value for
the other three Wyckoff sites. No explanation is forthcoming
for this difference as several attempts have been tried to reop-
timize this structure and calculate its energy. Lending further
credence that this DFE is physical is that the charge states for
the 18d are in line with what we observe for the 6a, 6b, and 36f
sites; these charge states were calculated using the neutral as
a starting structure and therefore if there was a problem with
the structure, then these energies would also be anomalous.
Therefore we are forced to conclude that this DFE is in fact
physical. We do note that the 18d unit cell for the zero charge
state does expand more than what we have shown for the other
sites, which does offer some explanation for the high DFE of
this Wyckoff position. Addition of an Al at this site follows the
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trend established above; at neutral charge the DFE is ∼10 eV,
and decreases to –4.75 eV at the +3 state.

For all four Al interstitials, changing the origin of μAl from
Al-rich conditions to oxygen-rich conditions results in the
DFE becoming more positive. Under these conditions, we do
not observe a charge state of Al in which the addition of an
interstitial defect is thermodynamically favorable (it is worth
mentioning that under a water reference the +3 charge state is
nearly thermoneutral).

We next consider the effect of adding an oxygen atom into
the interstitial Wyckoff positions with our results shown in
Table VII. For the 6b, 18d, and 36f sites varying the charge
from –2 to 0 results in the DFE changing from 12–14 eV
to 8–11 eV under aluminum-rich conditions. These values
decrease under the two oxygen-rich conditions we consider,
with the O2 reference having the lower DFEs. In contrast
to the Al interstitials in Table VI we do not observe any
oxygen interstitial charge states with a thermodynamically
favored DFE as the lowest DFE for an oxygen interstitial is
3.25 eV (compared to –4.75 eV for Al interstitials). The 6a
site, however, does not follow the trend shown by the other
three sites as it starts at a DFE of 31 eV for a –2 oxygen charge
and going to 12 eV for neutral under Al-rich conditions. We
attribute this increase in the DFE to the additional swelling
caused by the defect.

2. α-Al2O3 vacancies and antisites

Finally we consider the creation of vacancy and antisite de-
fects in α-Al2O3 and report our results in Table VIII. Removal
of an Al atom would create a negatively charged hole; how-
ever for all charge states considered here the DFE is ∼12 eV
under Al-rich conditions. Under oxygen-rich conditions, the
DFE lowers to 8.4 and 5.0 eV for a water and O2 reference,
respectively. For an oxygen vacancy and the associated for-
mation of a positively charged hole the DFE is favorable with
a value of –2.4 eV for a �q = +2e−. Conversely, removing
an oxygen under O-rich conditions results in a more positive
DFE than we observed under Al-rich conditions. For antisites
we find relatively large DFEs that are above +15 eV regard-
less of type, charge, and chemical potential reference.

D. Analysis of defect concentrations

Having examined the effect of Ga defects in α-Al2O3 and
the intrinsic defects of α-Al2O3, we turn our attention to
examining the effect of the DFEs on defect concentrations.
Following Jacobs et al. [99], we can write the concentration
of a defect as

[Defecti] = ρ i
N × exp

(
−Ei

DFE

kBT

)
, (9)

where ρ i
N is a number density representing the number of

sites for defect i per unit cell volume, kB is Boltzmann’s
constant, and T is the temperature (here taken to be at 25 ◦C).
As the DFE is dependent upon the choice of Fermi level
[see Eq. (1)], then it follows that the defect concentration
in Eq. (9) is also dependent upon that choice. At this point,
one can construct a charge balance equation wherein all the
concentration of negative charged defects (plus the concen-
tration of electrons) are set equal to the concentration of the

FIG. 8. Log plot of defect concentration for the Ga@6a intersti-
tial compared to the concentration of the Ga@Al substitution under
oxygen-rich conditions with an O2 reference as a function of Fermi
level. Concentrations are calculated according to Eq. (9).

positive charged defects (plus the electron hole concentration)
and then determine where the Fermi level lies in the presence
of the defects [99–101]. For the following analysis we will
only consider oxygen-rich conditions as the introduction of
Ga to a α-Al2O3 matrix typically occurs under atmospheric
conditions with no aluminum sink present.

From Eq. (9), we can immediately discard any defects that
have a high (and positive) DFE; this leaves us with two types
of defects that have a negative DFE: Ga+3 interstitials and
Ga@Al substitutions with an O2 reference. In lieu of the tra-
ditional Brouwer diagram (wherein one plots DFE vs. εFermi),
we plot the log of the concentrations (with concentrations
in cm−3) versus the Fermi level in Fig. 8. From here we
can see that a neutral Ga@Al defect would have the largest
concentration; as it is a neutral species, its concentration is
independent of the choice of Fermi level. Conversely the in-
terstitial Al+3 defect starts off as several orders of magnitude
less than the Ga@Al defect, and trends downwards as we
increase the Fermi level. While these results seem to indicate
that the dominate defect would then be the Ga@Al close to
the conduction band maximum (CBM), there is a nuance that
we have to consider; namely that a substitutional defect is
comprised of the following set of chemical reactions:

α-Al2O3 + 3e− −→ α-Al2−xO−3
3 + Alx (10a)

α-Al2−xO−3
3 + Gax −→ α-Al2−xO3Gax, (10b)

where the species α-Al2−xO−3
3 denotes an α-Al2O3 crystal

with a Ga vacancy carrying a –3 charge. The DFE for such
a vacancy is 4.9 eV. From Fig. 8 this defect has a negligible
concentration at the CBM with it being equal in concentration
to the Ga@Al defect at a Fermi level of ∼3.2 eV. Therefore we
conclude that while Ga@Al has a more favorable DFE than
the interstitial Ga defects, the important defects to consider
near the CBM are the Ga interstitials (with the caveat that we
are discussing a charge state of +3).

E. Diffusion of Ga in the α-Al2O3 crystal

From the above results, as we increase the charge state
on the Ga defect we have more a favorable defect formation

235204-9



JENNESS, SHUKLA, AND MASTERS PHYSICAL REVIEW B 109, 235204 (2024)

FIG. 9. Reaction pathway for the diffusion of Ga as a function of
charge state in the z direction.

energy. The next question we want to answer is how read-
ily can Ga in its various charge states migrate through the
α-Al2O3 lattice. To answer this question we performed a se-
ries of nudged elastic band (NEB) calculations as outlined in
Sec. II. We limit our discussion here to diffusion starting from
the 6a Wyckoff site as this has the lowest defect formation
energies; however, as the other sites are close in energy we
expect that the results for the 6a site are transferable to the
other three sites.

We first examined the migration of Ga in the +z direction,
where diffusion of Ga is mediated via a series of hops over
adjacent Al atoms. The resulting energy pathways for the 0,
+1, +2, and +3 charge states are shown in Fig. 9. For the
neutral crystal the initial migration of Ga is low barrier at
∼1 eV; however as we move through the +z direction the bar-
rier increases to a maximum of 2.94 eV. The overall reaction
pathway gets more energetically disfavored as we increase the
charge state, resulting in barriers of 3.81 eV, 4.20 eV, and
5.38 eV for the +1, +2, and +3 charge states, respectively.
The origin of this increase in barrier can be readily explained
by examination of the unit cell volume contractions reported
in Table III, and the contractions in bond lengths from Ta-
ble S1 [97]. Essentially, we observe an overall contraction of
bond lengths, which result in a contraction of the unit cell; this
indicates that as we increase the Ga defect charge state we are
creating a more positive bonding environment and an increase

in the Ga-Al and Ga-O bond strengths results in a harder to
migrate Ga defect.

For diffusion in the x and y directions we only consider the
neutral crystal and the +3 charge state with our results shown
in Fig. 10. Diffusion in the x and y directions is mediated via
a series of moves through Al-O bonds and displacement of
the oxygen atoms. For the x direction, the diffusion barriers
for the neutral and +3 states are 4.29 eV and 6.83 eV, re-
spectively; for the y direction these barriers are 4.12 eV and
5.19 eV. As we are actively breaking Al–O bonds in these
directions (as opposed to the z direction where the Al atoms
still kept their oxygen bonds), the higher diffusion barriers
are to be expected. The exception is for the +3 state in the
y direction; this diffusion barrier is lower than its analog in
the z direction by ∼0.2 eV. The origin of this slight lowering
is unknown; however, the high diffusion barriers reported here
indicate that regardless of direction or charge state, migration
of Ga through the α-Al2O3 crystal is kinetically prohibited.

IV. CONCLUSIONS

In the current study we examined the defect formation
energies of Ga insertion into the interstitial vacancies of
α-Al2O3. We began our study by examining which density
functional would be the best for studying α-Al2O3. After
considering the functionals LDA, PBE, PBEsol, optPBE-vdW
we found that the PBEsol functional gave the most consistent
results. Following this we examined the crystal structure of
α-Al2O3 and found four possible Wyckoff sites for forming
an interstitial Ga defect: the 6a, 6b, 18d, and 36f. Insertion of
a Ga at each site and varying the charge state from 0–3 was
carried out and defect formation energies were calculated. For
each site, the DFE’s start at ∼10 eV for a neutral crystal, and
decrease to ∼–1 eV for the +3 charge state. Increasing the
charge results in a contraction of the unit cell, which is due to a
contraction of the Ga-Al and Ga-O bonds as well as the atomic
volumes of Ga and its nearest neighbors. We also find that
the positive charge is largely localized around the interstitial
Ga, but becomes more diffuse as we increase the charge state.
Changing the Ga reference from a metallic source to one from
Ga(OH)3 or Ga(NO3)3 results in a further decrease in the DFE
for the +3 charge state, indicating a possible route for further
chemical treatment.

FIG. 10. Reaction pathway for the diffusion of Ga for the neutral crystal and the +3 charge state in the x and y directions.
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We next calculated the diffusion barriers for Ga at the 6a
site in the three cardinal directions. We find that for the z
direction diffusion is mediated by a series of Ga-Al hops. For
the neutral crystal the diffusion barrier is ∼3 eV, and increases
to ∼5.3 eV as we increase the charge state. A similar trend
is observed for the x and y directions. This increase in the
diffusion barrier is attributed to an increase in the bonding
environment as we increase the charge state. Overall, we find
that while cationic Ga is capable of defecting into a α-Al2O3

crystal thermodynamically, migration of the defect is kineti-
cally prohibited.
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