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Fully optimized quantum mechanical calculations indicate that Al,O, transforms from the
corundum structure to the as yet unobserved Rh,O; (ll) structure at about 78 gigapas-
cals, and it further transforms to Pbnm-perovskite structure at 223 gigapascals. The
predicted x-ray spectrum of the Rh,O; (Il) structure is similar to that of the corundum
structure, suggesting that the Rh,O; (ll) structure could go undetected in high-pressure
x-ray measurements. It is therefore possible that the ruby (Cr®*-doped corundum)
fluorescence pressure scale is sensitive to the thermal history of the ruby chips in a given

experiment.

Corundum (ALO; with an «-alumina
structure), besides being a model ceramic
material (1), has important applications in
high-pressure research. It is used as a win-
dow material in shock wave experiments
(2) and, when doped with Cr>* (ruby), the
pressure dependent shift in its flourescence
line serves as the pressure calibrant (the
ruby scale) in diamond-anvil cell measure-
ments (3, 4). The ruby scale has been cal-
ibrated up to 180 GPa (5) and pressures as
high as 550 GPa have been inferred by
linear extrapolation of the scale at about
298 K (4). No phase transformation has
been observed in experimental studies up to
a pressure of 175 GPa, suggesting that co-
rundum is the stable phase up to this pres-
sure (4, 6). However, previous computa-
tional studies of Al,O; utilizing ionic mod-
els (7-9) have suggested that phase trans-
formations may occur at high pressures. The
predicted transformation pressures (be-
tween 6 and 148 GPa) were poorly con-
strained (7-9), but a recent linearized, aug-
mented plane-wave (LAPW) calculation
(10) predicted that corundum transforms to
a Rh,0; (II) structure of Al,O; [hereafter
referred to as Rh,0O; (II)] at about 90 GPa.

We used a plane-wave basis set (11) and
norm-conserving pseudopotentials (12) with
an ab initio algorithm capable of fully opti-
mizing complex structural geometries at ar-
bitrary pressures and 0 K (12) to investigate
further this transition and other possible
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phase transformations in Al,O; at high
pressures. We were particularly interested
in considering the effects of structural re-
laxation, which was not considered in
(10), on the location of any possible phase
transition pressures calculated for AlLO;.
Our algorithm combines a fully quantum
mechanical method—within the local
density approximation (LDA) (13, 14) to
density functional theory—with an effi-
cient structural optimization strategy de-
rived from a variable cell shape molecular
dynamics technique (15, 16). The reliabil-
ity of the LDA to predict correct structural
energetics and transition pressures was
demonstrated on the high-pressure phases
of silicon (17) and, since then, in other
solids (16, 18). The recent introduction of
a variable cell shape in these calculations
(16) enables finite temperature, constant

Fig. 1. Candidate struc-
tures of possible high
pressure Al,O; phases:
(A) corundum, (B) Rh,O4
(I, (C) cubic-perovskite,
(D) Pbnm-perovskite,
and (E) R3c-perovskite.
Corundum has space
group R3c with a rhom-
bohedral unit cell con-
taining 10 atoms (two
ALLO4). The suspected
high pressure poly-
morph, Rh,Oy (ll), is re-
lated to corundum but
its unit cell is orthorhom-
bic, space group Pbcn
with 20 atoms per cell
(four Al,O,4). Pbnm-per-
ovskite represents an-
other possible high-
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pressure molecular dynamics simulations,
as well as optimization of structures with
large numbers of degrees of freedom at
arbitrary pressures. This type of optimiza-
tion has broadened the spectrum of phases
tractable by the first principles technique
and has allowed unbiased searches in pa-
rameter spaces of arbitrary dimensions.

We investigated four candidate struc-
tures: corundum, Rh,O; (II), Pbnm-perov-
skite, and R3c-perovskite, up to 450 GPa.
The likelihood that corundum transforms
to a Rh,0; (II) polymorph stems from a
similarly observed structural transformation
of rthodium sesquioxide (19). Both struc-
tures exhibit Al octahedrally coordinated to
oxygen with edge-sharing AlOq polyhedra.
The difference is in the number of shared
edges each polyhedra has—three in the case
of corundum and two for Rh,0;5 (II) (Fig. 1,
A and B). The Rh,0; (II) structure also
differs from corundum by a 180° rotation of
every other octahedral sheet (along with a
translation). The structural resemblance be-
tween corundum and Rh,O; (II) suggests
that their x-ray diffraction patterns should
also be similar.

Pbnm-perovskite (Fig. 1D) represents an-
other likely high pressure polymorph owing
to the increased Al coordination (both six-
and twelvefold), which provides added sta-
bility to cations at higher pressures (20).
Pbnm-perovskite is the structure for MgSiO;-
perovskite (21), a major mineral phase in the
Earth’s mantle, with Mg and Si cations re-
placing the two Al cations of AL,O;. Such
substitutions are common in minerals, sug-
gesting that this structure may be possible for
ALO, at high pressures. R3c-perovskite (22)
is found in some rare earth orthoaluminates

L R,L Rad

pressure phase and is shown as a distortion of the ideal cubic-perovskite structure in (C) and (D). The
Pbnm-perovskite unit cell contains 20 atoms (four Al,O,). R3c-perovskite has a rhombohedral unit cell
containing 10 atoms (two AlL,O,) and has the same space group as corundum. Aluminum atoms are
represented as red spheres in (A) and (B) and as spheres and coordination polyhedrain (C), (D), and (E).
The oxygen atoms are represented as blue spheres in all figures.
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Table 1. Zero pressure structural parameters for candidate structures of
AlLO,. V,, K, and K’ are the calculated Birch-Murnaghan equation of state
parameters including zero-pressure volume per Al,O,, bulk modulus, and
first pressure derivative, respectively. Corundum and R3c-perovskite lattice
parameters: ag, a, and ¢/a are based on a hexagonal unit cell while all others
are given in terms of their orthorhombic unit cell. Internal positions for Al and
O are reported for each structure in terms of their respective coordinate

system. Cohesive energies are reported in units of electron volts per atom.
Experimental values for corundum were obtained from (34) except cohesive
energy, which was calculated from (35). Values in parentheses for corundum
are calculated LAPW values from (70). Values in parentheses for Rh,O; (1)
and for Pbnm-perovskite are calculated values from (8) with the exception of
V,, K, and K’ for Rh,Q4 (Il), which were calculated in (70). Lattice parameters
are reported in atomic units (Bohr radii), and « is given in degrees.

Corundum Pbnm R3¢
Corundum (experiment) R0 (1) perovskite perovskite
Group R3c Pbcn Pbnm R3c
z 2 4 4 2
V, (au) 284.8 (282.1) 287.81 278.5 (275.6) 280.8 (302.4) 296.6
K (GPa) 258.9 (257) 254.4 261.8 (261) 235.0 (316) 216.0
K’ 4.01 (4.01) 4.28 3.93(3.97) 3.98 (4.11) 4.01
a, (au) 9.661 9.705 9.678
alpha 55.41 55.286 56.77
c/a (hex.) 2.72 2.73 2.64
a 13.209 (13.26) 8.946 (8.91)
b 9.056 (9.02) 9.190 (9.08)
c 9.311 (9.20) 13.661 (13.72)
A (0.352, 0.352, 0.352) (0.352, 0.352, 0.352) (0.110, 0.753, 0.032) (0.510, 0.549, 0.250) (0.250, 0.250, 0.250)
Al — — — (0.500, 0.000, 0.500) (0.000, 0.000, 0.000)
om (0.555, 0.945. 0.250) (0.556, 0.944, 0.250) (0.846, 0.607, 0.102) (0.142, 0.412, 0.250) (0.890, 0.610, 0.250)
oe — — (0.000, 0.049, 0.250) (0.173,0.176, 0.575) —
E.eV) 7.34 6.33 7.26 719 712

(23) MAIQO,, where M = La, Pr, or Nd (Fig.
1E), and may also be a possible structural
transformation for AL,O; at high pressures.

We fit the calculated pressure-volume
data for each structure to a third order
Birch-Murnaghan (24) equation of state
(Table 1), and the resulting bulk moduli
and first order pressure derivatives of the
moduli - agreed with experimental data.
Structural results were tested by comparing
the zero-pressure lattice parameters and in-
ternal atomic coordinates of corundum to
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Fig. 2. Relative enthalpy versus pressure for high
pressure Al,O, candidate phases. Enthalpies are
plotted relative to corundum (@) for pressures up
to 450 GPa. Region | represents the pressure
range where corundum is dominantly stable. The
transition between regions | and Il occurs at 78 =
4 GPa where Rh, Oy () (0) overtakes corundum in
stability. This transition is accompanied by a 2.2%
reduction in volume and occurs at a volume ratio
of V;/V, = 0.82 (relative to corundum at zero
pressure). The transition to region Ill, where
Pbnm-perovskite (M) becomes dominantly stable,
occurs at 223 + 10 GPa, accompanied by a 2.2%
reduction in volume, and corresponds to a volume
ratio of Vi/V,, = 0.68 (relative to Rh,O; (I) at zero
pressure). R3¢ = perovskite (A) is also shown.

x-ray diffraction data; again the results were
in agreement. At elevated pressures, the
hexagonal unit cell of corundum exhibited
a slight anisotropy with linear compress-
ibilities of 1.22 X 1073 and 1.39 X 1073
GPa™! along the a and c axis, respectively.
These values compare favorably to experi-
mental values (25).

QOur low- to mid-pressure structural op-
timizations show that corundum transforms

to Rh,O; (II) at 78 £ 4 GPa (Fig. 2)
accompanied by a 2.2% reduction in molar
volume consistent with the reduction de-
rived by (10). The observed anisotropy in
linear compressibilities resulted in a 2.2%
reduction in the c/a ratio of the corundum
hexagonal unit cell at a pressure of 450 GPa
compared to that of the zero pressure ratio.
The internal positions of aluminum and
oxygen also showed slight pressure depen-
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T Fig. 3. Theoretical (36) and experi-
mental energy-dispersive x-ray dif-
fraction patterns for Al,O,. (A) Ex-
perimental  Cr+S-doped  Al,O,
spectrum at 175 GPa (taken from
Jephcoat et al. (27)). (B) Theoretical
spectrum of a 50:50% mixture of
Rh,0O5 () and corundum at 175
GPa. (C) Theoretical spectrum of
the pure corundum phase at 175
GPa. (D) Theoretical spectrum of
the pure Rh,O, (I} phase at 175
GPa. Weak diffraction from the
sample confining gasket (iron) are
represented by g as originally re-
ported (27). All spectra intensities
have been scaled for clarity.
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dencies—a 0.6% and 1.4% variation, re-
spectively. While small, these structural
changes are energetically significant and
constrain the predicted transition pressures.
Our transition pressure was lower than the
LAPW predicted value (10). The difference
in calculated pressures may be caused by the
full structural relaxations included in our
calculations.

We observed an additional transforma-
tion to Pbnm-perovskite at 223 = 15 GPa
(with a 2.2% reduction of molar volume).
Comparing the pressure dependence of en-
thalpy for each structure shows that while
the perovskitesis the second most energet-
ic state at zero pressure, it is the most
structurally adaptable to pressure increase.
The Pbnm-perovskite structure has more
degrees of freedom, and thus the enthal-
pies might be more affected by internal
distortions. The distortion of the unit cell
of the Al,O;-perovskite phase was similar
to that of the MgSiO;-perovskite phase at
elevated pressures (16). This distortion
causes both structures to become even
more orthorhombic with increasing pres-
sure (26).

Despite theoretical predictions that co-
rundum should undergo two phase transi-
tions, no experimental observations of
such transformations have been observed
in room temperature static compression of
AlL,O; up to 175 GPa (27). High-temper-
ature shock wave experiments suggest a
possible density change at about 130 GPa
(28) along with an enhanced thermal
emission around 200 GPa (29), which
nearly coincides with the pressure where
the ruby fluorescence line appeared to
vanish in static experiments (5) and
where our predicted Rh,O5 (II) to Pbnm-
perovskite transformation occurs. The
vanishing of the ruby fluorescence line
may be explained by diamond fluorescent
emissions (4); however, this does not ex-
clude the possibility of a concurrent trans-
formation to Pbnm-perovskite.

The reconstructive nature of the pre-
dicted corundum to Rh,O4 (II) transition
suggests that there may be a large hyster-
esis at the low temperatures typical of
most diamond-anvil experiments (4, 30,
31). The lack of an observed corundum
polymorph can thus be attributed to a
metastable persistence of corundum be-
yond 78 GPa in static environments.
However, it is also plausible that, because
of the structural similarity between corun-
dum and Rh,0; (II) and the limited res-
olution of the x-ray diffraction at high
pressures, the presence of Rh,0O5 (II) has
gone undetected (27).

A comparison of the calculated energy
dispersive x-ray diffraction spectra for co-

rundum and Rh,O; (II) at 175 GPa illus-
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trates this point (Fig. 3, C and D). Aside
from a reduction in the number of shared
coordination polyhedra edges, there is a
loss of three-fold symmetry at the Al site
in the transformation to Rh,O; (II).
These differences, along with a relative
distortion of the AlO4 polyhedra in Rh,O4
(II), are minor (Fig. 3). Therefore, even if
Rh,0; (II) were present in experiments, it
is possible that it could not be detected.

Evidence for this hypothesis is provided
by comparison of experimental diffraction
data of Cr-doped corundum at 175 GPa by
Jephcoat et al. (27) (Fig. 3A), with the
calculated pattern of a 50:50% mixture of
corundum and Rh,O; (II) at the same pres-
sure (Fig. 3B). The calculated pattern dis-
plays an extra line where the corundum (e)
and (&) lines are expected, and this triplet
seems to match more closely the experi-
mental spectrum in this region than the
corundum spectrum does (Fig. 3C). It
would be desirable to simultaneously raise
the temperature in these experiments and
examine the samples before and after
quenching the pressure. High temperatures
may provide the necessary kinetics for the
transformation and residual amounts of
the transformed phase may be observable
at low pressures. Although it is standard
practice not to heat the ruby pressure cali-
brant in diamond anvil cell experiments it
remains unclear whether or not laser heat-
ing the sample may inadvertently affect
the ruby pressure scale by allowing one of
the proposed structural transformations to
occur (32).
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