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Role of atomic radius and d-states hybridization in the stability of the crystal structure of M,0;

(M = Al, Ga, In) oxides
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We study the stability of the corundum, gallia, and bixbyite structures of Al,O3, Ga, 03, and In,O; with density
functional theory calculations. To artificially control the relative position of the d states within the band structure,
we add a Hubbard-like on-site Coulomb interaction to the d states. We quantitatively show that smaller (larger)
atomic radii favor the corundum (bixbyte) structure, which supports empirical models based on the atomic radius
ratio between the cation and anions and the spacing-filling condition. Thus, Al,O5 and In,O; crystallizes in the
corundum and bixbyite structures, which is consistent with experimental observations. The empirical models
based on atomic radius and space filling would predict a corundum or bixbyite structure for Ga,03. However, as
expected from experimental observations, we find gallia to be the most stable structure for Ga,Os. Our results
explain why Ga,Os crystallizes in the gallia structures instead of the corundum or bixbyite as follows. The
stability of gallia increases as the hybridization of the Ga d states with the O 2s states grows and the p-d splitting
increases, which is maximized by the presence of fourfold cation sites. The presence of the fourfold cation sites
in gallia is a key structural feature that increases its relative stability compared with the corundum and bixbyite
structures for Ga, 03, which contain only sixfold cation sites, so that the effect of the d states is unimportant.
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I. INTRODUCTION

Transparent conducting oxides (TCQO’s) constitute a special
class of materials that combines high electrical conductivity
with approximately 90% visible-light transparency [1]. The
TCO’s have a wide variety of technological applications,
including solar cells [2], light emitting diodes [3], and transpar-
ent transistors [4—6]. The high conductivity and transparency
of Sn-doped In,0O3, which can be mainly attributed to the
lower conduction-band minimum (CBM) and the optical band
gap of about 3.60 eV for In,O3[7], is prized in industry,
notwithstanding the high cost of the material. Other oxides,
such as Ga, O3 and Al,Os3, are also valuable because of their
wide gaps that can be exploited in ultraviolet applications and
band-gap engineering by the formation of multicompounds
with different oxides, e.g., Ga;03-(Zn0), [8,9], Al,O03-(Zn0),,
[10,11].

In spite of the importance of these three oxides in
technological applications, the structural relation among the
Al,O3, Ga,03, and In, O3 oxides remains unclear, even though
the three chemical elements, Al, Ga, and In, are neighbors
in the same column of the periodic table. The crystal structures
of the oxides formed by the three elements are distinct: corun-
dum (rhombohedral, R3c) for Al,O3 [12], gallia (monoclinic,
C2/m) for Ga, 03 [13], and bixbyite (body center cubic, 1 a3)
for In, O3 [14]. It has been known that the atomic radius plays
a crucial role in the atomic structure of oxide systems, but this
is insufficient to explain the diversity as discussed below.
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Considerations of space filling and of the cationic- to
anionic-radius ratios have suggested that oxides with smaller
cations (r. < 0.62-0.69 A) crystallize in the corundum struc-
ture, while cations with medium radius (0.62-0.69 A < r, <
0.98-1.00 A) crystallize in the bixbyite structure, and large
cationic radii (r. > 0.98-1.00 ;\) crystallize in the La; O3 -type
structure [15]. Thus, based on the ionic radii of Al (0.50 A),
Ga (0.62 A), and In (0.81 A) [16], we would predict a
corundum structure for Al,O3 and bixbyite for In,O3, which is
consistent with experimental observations [12,14]. Within the
ionic-radius error bars, we would expect Ga, O3 to crystallize
in either the corundum or bixbyite structures. Neither one of
these structures being experimentally observed, we may ask
why Ga, 03 crystallizes in the gallia structure [13], not in the
bixbyite or corundum structures.

Here, we address that question. Our reasoning builds upon
the notion that the d orbitals of gallium and indium, which are
absent in Al, add a new dimension to the problem and undercut
arguments solely attentive to the radii. We therefore focus
our analysis on the combined influence of the hybridization
among the cation and anion states and the radius of the metal
atom on the stability of the M;,03-oxide (M = Al, Ga, and
In) lattice structure. To artificially control the hybridization,
we add a Hubbard-like on-site Coulomb interaction U to
the d states, which allows us to push their energy up or down
within the band structure, and hence, it affects the hybridization
among the s-d (s state derived from the O 2s state) and p-d
states. For Ga, O3, our results show that the gallia structure is
more stable than the bixbyite structure, and that the stability
is inextricably linked to the hybridization among the cation
d states and anion s states, which is maximized in fourfold
environments. For In,O3, by contrast, bixbyite is the most
stable structure, because the energetic cost of inserting the
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large indium atoms in the gallia structure exceeds the gain due
to hybridization.

II. THEORETICAL APPROACH AND COMPUTATIONAL
DETAILS

A. Total-energy calculations

Our first-principles calculations are based on density-
functional theory [17,18] (DFT) within the semilocal Perdew-
Burke-Ernzerhof (PBE) exchange-correlation energy func-
tional [19]. As already mentioned, to change the position
of the d states within the band structure of the Ga,O3 and
In,O3 oxides and control the s-d and p-d splitting [s and
p states derived from the O 2s and 2p states and d states
derived from the 3d state (Ga) or 4d state (In)], we employ
the Hubbard correction proposed by Dudarev er al. [20].
Accordingly, we add a Hubbard U, which represents the
mean-field approximation to the on-site Coulomb interaction,
to the d states. In Dudarev’s rotationally invariant approach,
only the difference Uess = U — J between the Coulomb U and
the exchange parameter J is physically significant [20]. We let
U, range from +10 to —20 eV, to shift the d states up or down
relative to their PBE reference energy, and hence we control
the relative position of the d states within the band structure
and the hybridization of the d states with the O valence states.

Within the DFT4+U framework, we have used the all-
electron projected augmented wave (PAW) method [21,22]
as implemented in the Vienna Ab-initio Simulation Package
(VASP) [23,24]. We employed the PAW projectors provided
within VASP, e.g., O (2522p*), Al 3s23p'), Ga (3d'%4s%4p"),
and In (4d'°55%5p'), in which the d states were taken into
account to describe the valence of the Ga and In atoms. In
addition, to better understand the role of the hybridization
between the d states and the O valence states and how it affects
the relative stability, we have also carried out calculations
without d states in the valence for the Ga and In atoms, i.e.,
Ga (4s%4p"), and In (5s25p").

To obtain the equilibrium volumes, we minimized the
quantum-mechanical stress tensor and atomic forces using a
plane-wave cutoff energy of 600 eV, which is required due
to the slow convergence of the stress tensor as a function of
the number of plane waves. To compute the total energies
at the equilibrium volumes, and density of states (DOS), a
smaller cutoff energy (450 eV) was employed, which is larger
than the maximum cutoff energy suggested for the O PAW
projectors (400 eV). For the Brillouin-zone (BZ) integration,
we have chosen a k-point mesh of 4x4x4 (eight k points
in the irreducible part of the BZ) for Ga, O3 in the bixbyite
structure and used the same k-point density for all the other
bulk systems. For the DOS calculations, we have doubled the
k-point density and employed a Gaussian smearing of 0.05 eV.

B. Bulk crystal configurations

At room temperature and pressure, the Al,O,, Ga, 03, and
In, O3 oxides can be found in the corundum (rhombohedral,
R3¢, Z = 6) [12], gallia (monoclinic, C2/m, Z = 4) [13],
and bixbyite (cubic, / a3, 7 = 8) [14] structures, respectively,
where the crystalline system, space group, and number of
formula units, Z, per unit cell are indicated within parentheses.
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To better understand their relative stability, we have also
considered alternative crystal structures for the three oxides,
namely, the isostructures of InFeOs (hexagonal, P63/mmec,
Z = 2) [25], La,O3 (hexagonal, P3ml, Z =1) [26], and
€-Ga, 03 (orthorhombic, Pra2;, Z = 8) [27].

In both the bixbyite and corundum structures, only ideal
and distorted octahedron motifs are formed, i.e., the cations
are surrounded by six oxygen atoms, and hence there is
only one cation oxidation state. In contrast, both gallia and
€-Ga,03-type structures combine distorted octahedral and
tetrahedral motifs with a wide range of coordinations for
the oxygen atoms, namely, threefold, fourfold, and fivefold.
Although both Ga atoms have different coordination environ-
ment, the electron counting rule yields the same oxidation
state for the Ga atoms, namely III. The InFeOs-type structure
can be described as a sequence of ideal InO, octahedral
layers separated by trigonal bipyramid FeO layers (Fe is
fivefold), which build up the interface between the InO,
layers. In the La, O3-type structure, the cations are surrounded
by seven anions. Six of these cation-anion bond lengths are
approximately the same, while the seventh oxygen lies farther
away. This considered, we take care to select particular crystal
structures in which the environment of the cations change from
fourfold to sevenfold. Our goal is to identify trends helping
to explain the relative stability of the corundum, gallia, and
bixbyite structures.

III. RESULTS

All the aforementioned crystal structures were optimized
for Al,O,, Ga,03, and In,O3. The relative stability, structural
parameters, and DOS will be discussed below. Unless men-
tioned, all results include d states in the valence for the Ga and
In atoms.

A. Relative stability

The equilibrium PBE (Ues = 0.0 eV) crystal structures
are shown in Fig. 1 along with the relative total energies
(AEL = Ei — EX™") per formula unit (f.u.) for all se-
lected configurations, while the PBE lattice parameters are
summarized in Table I. For Ga, O3 and In, O3, we have also
calculated AE!  with the d states frozen in the core. From our
definition, AE! , < 0 (AE!, > 0) implies that the structure i
has lower (higher) energy than the bixbyite configuration.

1. PBE results with d states in the valence

As expected from previous DFT calculations [9,28,29], in
consistency with experiments [12—14], the lowest-energy PBE
structures for Al,O3, Ga, 03, and In, O3 are corundum, gallia,
and bixbyite, respectively. The relative total energies are not
as large as one might expect. For example, for Al,O3, the
corundum structure is only 0.15, 0.05, and 0.09 eV per f.u.
lower in energy than the bixbyite, gallia, and €-Ga;O3-type
structures, respectively. Similarly small differences were also
obtained for Ga,0;. The differences are slightly larger for
In, O3, however. One would not be surprised, therefore, to
see the crystal-structure energy hierarchy change under the
influence of the d states, which can be shifted within the band

155206-2



ROLE OF ATOMIC RADIUS AND d-STATES ...

Corundum

Bixbyite

Gazo3

PHYSICAL REVIEW B 90, 155206 (2014)

InFeO3 La203
type type

P6,/mmc P3ml

€-Ga ,0,
type

)
o
>
-
-
7

FIG. 1. (Color online) Equilibrium PBE crystal structures for Al,O3, Ga,03, and In,O;. The space group and the relative total energy

. i i bixbyite
per formula unit (AE,, = E|, — E\y

) are shown above and below the structures, respectively. The numbers in parentheses are the results

without d states in the valence for the Ga and In atoms. The cation and anion atoms are indicated by the large and small spheres, respectively,

and the dashed lines depict the unit cells in the calculations.

structure by adding a Hubbard U to the d state or considering
the d states in the frozen core.

2. PBE results with d states frozen in the core

The d states are known to play a capital role in systems like
GaN and InN [30]. We have found that this is also the case for
Ga,03. The hierarchy of relative stabilities for Ga, O3 changes
when the d states are frozen in the core, namely, AEL, >
0 eV for gallia, InFeO3-, La;03-, and €-Ga, O3-type structures,
while the corundum and bixbyite structures are degenerate in
energy (AE = 0.0 eV). The gallia, InFeO3- and €-Ga,03-
type structures change their relative stability by 0.18, 0.14, and
0.13 eV, respectively, while corundum changes by 0.01 eV.
For In, 03, there is no analogous change in the relative stability.
Notice should be taken, however, that A ES3i# increases from
0.421t00.52 eV, i.e., the relative stability of In,Os3 in the gallia
structure decreases with the d states in the core. Therefore,
the main changes occur for Ga; 03, in structures that contain

fourfold cation sites.

3. PBE+U results with d states in the valence

The relative total energy as a function of Ugs is shown
in Fig. 2. Although gallia, for Ga,0s;, and bixbyite, for
In,O3, are the lowest-energy structures over the entire
—20.0 eV < U < 4+10.0 eV range, the relative energies are
far from independent of U.g. For Ga,O3, while the gallia and
bixbyite structures are nearly degenerate for U, = —20.0 eV
(AEy = —10 meV), the energy separation grows with Ueg
and reaches AE, = 0.43 eV for U, = 10.0 eV. In fact, for
Uer = 10.0 eV, corundum and €-Ga,0;3 lie lower in energy
than bixbyite, although higher than gallia. By comparison,
the relative energies for In,O; depend more weakly on
the Coulomb energy: except for the La,O3 structure, A Ey
remains nearly constant as U grows from —20 to +10 eV.

Thus, our results show that the relative stability of the gallia
structure compared with the corundum and bixbyite structures
for Ga, 03 is strongly dependent on the position of the d states
within the band structure. Therefore, beyond the role played
by the relative atomic sizes of the cations and anions, we have
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TABLE 1. (Color online) Equilibrium lattice parameters ay, by, ¢y, 8, and resulting volume, effective coordination numbers (ECN) for
the Al, Ga, and In atoms, and weighted-average bond lengths d,, separating the Al, Ga, and In atoms from the nearest O neighbor for all
nonequivalent cation sites. The symbol representing each structure in Figs. 2 and 3 is also shown. The calculated data for the ground-state
structures are shown in bold face, and the corresponding experimental values, within parentheses [12—14].

ag by co B Volume/f.u. day
System  Structure  Symbol  (A) A) A) (deg) (A% ECN A)
ALO; R3¢ ° 4.81 481 13.12 4372 5.82 1.92
R3c [12] ° (476)  (4.76) (12.99) (5.76) (1.86)
1a3 | 8.97 8.97 8.97 48.17 5.86, 6.00 1.93,1.93
C2/m ¢ 11.92 2.94 567  104.04 48.17 3.99,5.82 1.78, 1.93
P63/ mmc v 3.04 304 1162 46.44 4.52,6.00 1.80, 1.99
P3ml A 2.89 2.89 7.18 51.94 425 1.86
Pna2, « 4.88 8.39 9.02 46.20 3.99,4.99,5.18, 5.85 1.78,1.90, 1.92, 2.05
Ga, 05 R3¢ o 5.06 506  13.63 50.46 5.71 2.01
1a3 O 9.41 9.41 9.41 52.12 5.87, 6.00 2.02,2.02
Cc2/m O 12.46 3.09 588  103.70 54.94 3.99,5.81 1.87,2.02
C2/m [13] O (12.23)  (3.04) (5.80) (103.70) (3.99), (5.81) (1.84), (1.98)
P63/ mmc v 3.19 319 12.06 53.27 4.59, 6.00 1.89,2.09
P3ml A 3.03 3.03 7.19 57.18 4.47 1.97
Pna?2, < 5.13 8.80 9.42 53.13 3.99,4.92, 5.20, 5.82 1.87,1.98,2.01,2.13
In, 05 R3¢ o 5.58 558 1476 66.33 5.83 221
1a3 O 1030 1030  10.30 68.20 5.94, 6.00 2.21,2.21
1a3 [14] 0 (10.12)  (10.12)  (10.12) (5.94), (6.00) (2.17), (2.19)
c2/m O 12.32 3.36 6.91  106.13 68.82 447,571 2.14,2.21
P63/ mmc v 3.56 356 1271 69.81 4.85,6.01 2.10,2.28
P3m1 A 3.45 3.45 6.30 64.78 4.97 2.20
Pna?2, < 5.68 9.64  10.28 70.32 3.99,5.08, 5.38, 5.83 2.08,2.18,2.21,2.35

identified a second mechanism, associated with the relative
position of the Ga d states within the band structure, which
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FIG. 2. (Color online) Relative total energy of Ga,O; and In,0;
as functions of the effective Hubbard parameter, Ueg.

accounts for the stability of the gallia structure instead of the
expected corundum or bixbyite structures.

B. Structural properties

The equilibrium PBE parameters are listed in Table I,
compared with the experimental results [12—-14]. For Al,O,
corundum, Ga;0; gallia, and In,O3 bixbyite, the lattice
constants are overestimated from 1.00% to 1.86%, relative
errors that are comparable to the deviations commonly found in
DFT-PBE calculations [30,31]. For each system, the crystalline
equilibrium volume increases as we move down the periodic
table. This is expected, since the ionic radius grows from
0.50 A for Al to 0.62 A for Ga, and 0.81 A for In [16].

More specific information on the relation between local
environment and structural stability can be obtained from
the effective coordination concept, which yields the average
effective coordination numbers (ECN) and weighted-average
bond lengths, d,y [32,33]. The results are summarized in Table I
for the nonequivalent cationic sites. In the bixbyite structure,
there are two nonequivalent cationic sites, namely, an ideal
octahedron with ECN = 6, and a distorted octahedron, which
increases its distortion for smaller atoms such as Al (ECN =
5.86), while for larger atoms, such as In, the coordination
is closer to the ideal value (ECN = 6). For gallia, there are
also two nonequivalent sites, namely, fourfold and sixfold. We
found that the In atoms in the fourfold sites maximize their
coordination, e.g., ECN = 3.99 for Al and Ga atoms, and 4.47
for In, which is expected as large ions tend to maximize their
coordination environment. In contrast with gallia and bixbyite,
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corundum has only one nonequivalent cationic site, which
forms distorted octahedra, i.e., ECN = 5.82, 5.71, and 5.83
for Al, Ga, and In, respectively. Thus, our analysis indicates
that In seeks high coordination sites, which is consistent with
previous results [29].

From the average bond lengths in Table I, we can estimate
the atomic radii of the Al, Ga, and In cations in each structure
by day /2, i.e., from the hard-sphere model approximation. We
prefer this model to adopting a fixed radius for each element,
e.g., the value in Ref. [16], because the O radius varies from
coordination site to coordination site. Hence, in the corundum,
gallia, and bixbyite structures, the Al, Ga, and In radii are 0.96,
0.97, and 1.11 A, respectively, which are substantially larger
than the ionic radii [16], even if as expected they have the
right trend, i.e., the atomic radius increases from Al to In. For
the d states frozen in the core, the atomic radius of Ga and In
atoms is 0.98 A (gallia) and 1.11 A (bixbyite), respectively,
i.e., nearly the same with d states in the valence. Thus, the
change in the stability of Ga,;Oj3 in the gallia structure, Fig. 1,
is related to electronic effects, and not to changes in the atomic
radius.

The unit cells shrink as U grows, and so the atomic
radii diminish. The relative total energies as functions of the
calculated atomic radius are shown in Fig. 3. While the o (1),
which represent the corundum (bixbyite) structure for Ga, O3
(solid line) and In, O3 (dashed line) lie along an approximately

° R?c; ALO, v P8 /mmc: ALO,
1.75[ -o-R3c: Ga 0, — P6/mmc: Ga,0, ]
-e-R3c:In0, -v- P%/mmc: In,0,
m a3 A|203 A P%ml: AIZO3
1.50F - 1a3: Ga,0, -a-P3m1: Ga,0, 1
_g-la3 In,0, -A-P3m1:In,0,
¢ C2im:ALO, Pna2 : ALO,
1.25F - C2/m: Ga,0, Pna2 : Ga,0, 1
-6-C2/m:InO, Pna2;:In,0,
=
L 1.00f =
>
2
g
o 0.75f 4
g
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£ osop ]
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o)
o
0.25F 4
0.00r 4
-0.25f 4

50k i 1 i 1 i 1 a
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Cation average radius (A)

FIG. 3. (Color online) Relative total energy as a function of the
cation average radius d,, /2 for Al, Ga, and In atoms in different crystal
structures. The Al,O3, Ga, O3, and In, O3 systems are represented by
a lone symbol, a continuous line, and a dashed line respectively.
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continuous line; the solid lines representing Ga, O3 for the
other structures are separated by marked discontinuities from
the dashed curves representing In,Os. These results can be
explained as follows: (i) The cationic radius plays the chief
role in the relative stabilities of corundum and bixbyite. Both
structures have only sixfold octahedra cation sites, the relative
stability of which is unaffected by the addition of the d states
in the valence of the Ga and In atoms. Our calculations with
the d states frozen in the core ratifies this inference. (ii) The
discontinuities for the gallia and remaining structures can be
explained by the hybridization of the cation and O states, which
is more effective for lower-coordination cation sites, for gallia
Ga,03 in particular. We next turn to the density of states to
pinpoint the source of this dependence.

C. Density of states

Figure 4(a) shows the PBE local densities of states (LDOS)
for the corundum, gallia, and bixbyite structures of Al,Os3,
Ga,03, and In,; 03, respectively. For all systems, the top of the
valence band is primarily formed by O delocalized p states,
and the bottom of conduction band is formed mainly by the
delocalized cationic s states. The Ga and In d states and the
O s states derived from O 2s states, which are localized, lie at
the bottom of the valence band, namely the s band below the
d band. The band gaps at the I" point are 5.86 eV for Al,O3,
2.00 eV for Ga,03, and 0.92 eV for In,O3. As expected, PBE
strongly underestimates the band gaps: the experimental values
are 9.25 eV [34], 4.90 eV [35], and 2.90 eV [7], respectively.

Figure 4(b) displays the PBE+U LDOS results for Ga,03
in the gallia structure. As expected, the Hubbard-model
Coulomb potential shifts the center of gravity of the d band,
and consequently affects the O s and p states. As Uey
decreases, the d band is pushed away from the O 2s state,
towards the O 2p states. The solid purple line associated
with Uer = 10 eV in the top panel shows a small structure
at —15 eV, which becomes less pronounced and follows the
sharp peak in the bottom panel as U is reduced. Likewise,
the U = 10 eV curve in the middle panel shows a small
structure around —17 eV that follows the peak in the bottom
panel and becomes more salient as U,y is reduced. This shows
that the hybridizations between the Ga 3d state and the O 2s
state (2p state) become stronger (weaker) as Uggr grows. Our
discussion of Fig. 2 having shown that the relative stability
of gallia is strongly enhanced as U.g grows, we infer that the
hybridization between the Ga 3d and the O 2s states plays an
important role for the stability of the Ga, O3 gallia structure.

To verify this reasoning, Fig. 4(c) displays the PBE LDOS
for the Ga and O s states, Ga and O p states, and Ga
d state in the C2/m structure for Ga,O; calculated with
the Ga 3d'%4s5%4p' the 4s%4p' (d states frozen in the core)
PAW projectors. The red line (O for Ga:3d'%4s%4p') displays
the small structure discussed in the previous paragraph,
but no such feature is identifiable in the blue line (O for
Ga:3d'%45%4p"). This confirms that the small asymmetric peak
at —13 eV and the narrowing of the more prominent feature
around —18 eV in the top panel reflect the hybridization
between the Ga 3d and the O 2s states. Without the 3d orbitals
among the valence states, the hybridization vanishes, and we
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FIG. 4. (Color online) (a)Local densities of states for the corundum, gallia, and bixbyite structures of Al,O3, Ga, 03, and In,O; respectively.
(b) Local densities of states for O-s, O-p, and Ga-d for Ga,O3 in the C2/m structure, for the indicated Ueg. (c) Local densities of states for
O-s and Ga-s, O-p and Ga-p, Ga-d for Ga,0; in the C2/m (gallia) structure with different PAW projectors for Ga: Ga (3d'%4s%4p') and Ga

(45%4p"). The dashed vertical line marks the Fermi level.

expect the bixbyite structure to become more stable, which is
confirmed by our calculations, Fig. 1.

Were the Ga 3d and O 2s bands partially filled, substantial
energy gain would result from the hybridization-induced
depression (uplift) of the bonding (antibonding) levels, a
gain chiefly due to optimization of the kinetic plus potential
energies of the system. Since the 3d and 2s bands are filled,
the hybridization only affects the interaction, i.e., Hartree,
exchange, and correlation energies, via redistribution of the
ground-state density. The resulting energy gain is relatively
small, however, it changes the relative stability of the gallia
structure given that the gallia structure is only 0.18 eV /f.u.
higher in energy than the bixbyite structure.

The LDOS for Iny,O3, not shown in the figure, shows
analogous features. The hybridization between the O 2s and
the In 4d states shifts down the relative total energy A Ey of
gallia-structured In, Os. The reduction is however insufficient
to offset the energy cost of positioning indium atoms at
the low-coordination sites of the gallia structure. Already
discussed in Sec. I1I B, this cost accounts for the gap separating
the dashed line through the ¢ from the solid line through the
same symbol in Fig. 3 and, therefore, accounts for the stability
of the bixbyite structure.

IV. CONCLUSIONS

We have studied the stability of the corundum, gallia, and
bixbyite structures of Al,O3, Ga,0Os3, and In,O3 with DFT
calculations. To artificially control the relative position of the d
states within the band structure of the Ga, O3 and In, O3 oxides,
we have added a Hubbard-like on-site Coulomb interaction,
Uer, to the d states, which also affects the equilibrium

lattice parameters. We have quantitatively shown that smaller
(larger) atomic radii favor the corundum (bixbyte) structure,
which supports empirical models based on the atomic-radius
ratio between the cation and anions and the spacing-filling
condition. Thus, Al,O3 and In,Oj3 crystallizes in the corundum
and bixbyite structures, which is consistent with experimental
observations.

The empirical models based on atomic radius and space
filling would predict a corundum or bixbyite structure for
Ga;03. However, in consistency with experiment, we have
found gallia to be the most stable structure for Ga, 3. Based
on calculations without d states in the valence and on changes
of the relative position of the d states within the band structure,
we have come to the following explanation of why Ga,0;
crystallizes in the gallia structures instead of the corundum or
bixbyite. The stability of gallia increases as the hybridization
between the Ga d and the O 2s states grows, while the p-d
splitting increases, which is maximized in the presence of
fourfold cation sites. Therefore, the presence of the fourfold
cation sites in gallia is a key structural feature that increases
its stability relative to the corundum and bixbyite structures
for Ga; 03, in which there are only sixfold cation sites.
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