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First-principles study of high-pressure alumina polymorphs
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Minneapolis, Minnesota 55455
~Received 23 September 1997!

We investigate by first principles the structural properties and relative stability of six alumina polymorphs,

namely: corundum, Rh2O3 ~II !, Pbnmperovskite,R3̄c-perovskite,A-type rare-earth sesquioxide, andB-type
rare-earth sesquioxide. The compressive behavior and pressure-induced changes in the local environment of
different aluminum sites are investigated in detail for corundum, Rh2O3 ~II ! and the perovskite phases, which
are the predicted stable phases within the pressure range of 0–450 GPa. This information is crucial for
understanding the electronic states of a Cr13 color center in alumina~ruby! and the resulting intra-d transi-
tions, i.e., the ruby fluorescence. Implications of these pressure-induced phase transitions in Al2O3 to the ruby
fluorescence pressure scale are discussed.@S0163-1829~98!09517-4#
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I. INTRODUCTION

The structural and electronic properties of Al2O3,
a-alumina, are of considerable importance due to the dive
applications of this material, particularly in high-pressu
science. The pressure dependence of theR fluorescence lines
of Cr13-doped Al2O3 corundum~ruby! provides the conve-
nient and accurate technique of determining pressure
diamond-anvil-cell experiments.1–6 The shift of R lines has
been calibrated as a function of pressure~ruby scale! up to
180 GPa under nonhydrostatic conditions2 and up to 110
GPa under quasihydrostatic conditions.3 Extrapolation of the
ruby scale has been used widely to determine pressures
460–550 GPa.4 This range is far in excess of the calibrat
maximum pressure, and thus this is an arguable proced7

Although calibration of the pressure dependence of the lu
nescence spectrum does not require knowledge of the cr
structure or the microscopic environment of the Cr13 ion,
such knowledge is complementary, particularly when pr
sure is determined by extrapolations of the scale. Theref
it is important to identify whether corundum transforms
high pressures and temperatures, since a phase change
most likely affect the nature and frequency of the fluor
cence lines and bands.

Although previous room-temperature high-pressure
periments on alumina have shown an exceptional stabilit
corundum in a large pressure range,4,8,9 many theoretical
studies suggested that alternative phases might occur a
evated pressures.10–14 Recently, a fully optimized first-
principles calculation was conducted for four Al2O3 poly-
morphs, predicting corundum→Rh2O3(II)→(Pbnm)
orthorhombic-perovskite phase transformations.14 The pre-
dicted transition pressure for corundum→Rh2O3 ~II ! phase
change~78 GPa! agrees reasonably well with that predict
by a linear augmented plane-wave calculation~90 GPa!.13

These theoretical predictions have recently been confirm
in a x-ray-diffraction experiment,15 which observed that ruby
undergoes a transformation to the Rh2O3 ~II ! structure when
heated to 1000 K and pressurized to;100 GPa. Although
the role of temperature in the experiment is not yet entir
570163-1829/98/57~17!/10363~7!/$15.00
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clear, it appears that it allowed the transformation to oc
by providing the required kinetics for this first-orde
transition.14 Therefore, for future studies of ruby at ultrahig
pressure, it becomes important to understand how the st
tural transformations, in case they take place, would aff
the ruby fluorescence lines.

In this paper, we make an attempt to identify such effe
by investigating the behavior of the local environment of
under pressure in different phases. The precise descriptio
the structural deformation of alumina under pressure, will
future theoretical and experimental studies of ruby un
pressure, as well as the development of new interatomic
tentials suitable for high-pressure studies as well.16,17 We
further investigate the relative stability of other candida
stable phases in this pressures range: theA- andB-type rare-
earth sesquioxide structures (A- andB-RES!.

In the next section, we describe the structures of the
investigated alumina polymorphs. In Sec. III, we present a
discuss results on the relative stability of these polymorp
the compressive behavior of the stable phases, and
change in the local environment of the aluminum sites un
pressure in each of these structures. Our conclusions
summarized in Sec. IV.

II. ALUMINA STRUCTURES

Extensive reviews on high-pressure forms ofA2O3-type
compounds have been presented by Liu and Bassett,18 and
Reid and Ringwood.19 Essentially, the systematics of pha
transitions in these classes of compounds can be summa
as follows:~1! High-pressure polymorphs are denser than
zero-pressure forms, the coordination around the cation s
are higher, and packing is more efficient.~2! Sesquioxides of
the A2O3 type may be divided into four groups:

~i! The sesquioxides of the group V A elements.These are
loosely packed molecular compounds, and their structu
should not be likely high-pressure forms.

~ii ! The sesquioxides of the group III A elements.For
these compounds the corundum structure is, in genera
high-pressure phase, and transitions from less de
b-Ga2O3 andC-type rare-earth sesquioxide (C-RES! struc-
10 363 © 1998 The American Physical Society
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tures to corundum have been reported in sesquioxides o
and In. Note that In2O3 transforms from corundum to a ne
phase at 11 GPa and 1100 °C.20 This new phase was firs
suggested to be a perovskite-type structure~similar to ortho-
rhombic perovskite InRhO3),20 and later suggested to be
Rh2O3 ~II ! structure.18 Therefore, by analogy perovskite an
Rh2O3 ~II ! forms are viable high-pressure candidates
Al 2O3.

~iii ! The sesquioxides of the group III B and rare-ear
elements.The low-pressure phases of this group areC- and
A-RES phases. At high pressure, theC-RES phase trans
forms to theB-RES phase. No pressure-induced phase tr
sition was reported for theA-RES phase which is slightly
denser thanB-RES. Cations are, in general, sevenfold co
dinated in theA-RES phase, and seven- and sixfold coor
nated in theB-RES phase. Therefore, bothA- and B-RES
structures should be candidate high-pressure forms of Al2O3.

FIG. 1. ~a! corundum, ~b! Rh2O3 ~II !, ~c! (Pbnm)
orthorhombic-perovskite,~d! R3̄c-perovskite,~e! A-RES, and~f!
B-RES high-pressure phases of Al2O3. The oxygen atoms are rep
resented as smaller spheres in all figures. Aluminum atoms
placed near the center of coordination polyhedra in all structure
well as larger spheres in the perovskite structures~c! and ~d!.
a

r

n-

-
-

~iv! The sesquioxides of the trivalent transition elemen
Most of these compounds exist in the corundum phase
ambient conditions. Among them, Rh2O3 was found to
transform from corundum to the Rh2O3 ~II ! phase at high
pressures and temperatures.21 This is the only experimentally
confirmed pressure-induced transition from the corund
structure. Fe2O3 was observed to undergo a phase transit
in the range of 40 to 80 GPa.22 The high-pressure phase wa
tentatively assigned to be a perovskite form, or less poss
the B-RES structure.22 Others have suggested that this tra
sition would involve simply a change in the magnetic stru
ture, similar to the high-spin to low-spin transition observ
in Co2O3.23

Here, we investigate the relative stability of six possib
Al 2O3 high-pressure phases: corundum, Rh2O3 ~II !,
(Pbnm) orthorhombic-perovskite,R3̄c-perovskite,A- and
B-RES. Their zero-pressure crystal structures are show
Fig. 1. In all these phases, aluminum is coordinated by
least six oxygens. The corundum structure@Fig. 1~a!# has
been experimentally observed up to 175 GPa.9 Its space
group isR3̄c with a rhombohedral unit cell containing 1
atoms~2 Al 2O3). Rh2O3 ~II ! @Fig. 1~b!# is a theoretically
predicted high-pressure phase of Al2O3,13,14 and was ob-
served in recent x-ray diffraction experiment.15 It has space
group Pbna with an orthorhombic unit cell containing 2
atoms~4 Al 2O3). The Rh2O3 ~II ! structure may be though
of as containing slabs of the corundum structure cut para

re
as

FIG. 2. Pressure dependence of the enthalpy relative to co
dum for six Al2O3 phases: corundum (d), Rh2O3 ~II ! (s),
(Pbnm) orthorhombic-perovskite (h), R3̄c-perovskite (n),
A-RES (3), andB-RES (L).
me

TABLE I. Summary of phase transition data for the predicted transformations in Al2O3: transition

pressurePT , transition volumeVT for one formula unit in the lower pressure phase, and fractional volu
changeDV/VT .

Corundum — Rh2O3~II ! Rh2O3 ~II ! — Orthorhombic-perovskite
This work Ref. 11 Ref. 13 This work

PT ~GPa! 7864 6;62 9166 223615
VT ~Å 3) 34.60 28.70
DV/VT ~%! 22.2 22.3 22.2 22.2
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to the ~101̄1) plane which is the most common twinnin
plane of corundum crystal.21 In corundum and Rh2O3 ~II !,
there is only one kind of aluminum site: edge-sharing AlO6
octahedra. In the Rh2O3 ~II ! phase, octahedra share tw
edges with others, while in corundum they share three.

The orthorhombic (Pbnm) perovskite structure@Fig.
1~c!# is another possible high-pressure phase, and a prev
calculation has shown that this must be the stable ph
above 223 GPa.14 This is the stable structure of MgSiO3
perovskite, the major earth-forming mineral, presuma
over the entire range of pressures prevailing in the ear
lower mantle. It has 20 atoms~4 Al 2O3) in its orthorhombic
unit cell. TheR3̄c-perovskite structure@Fig. 1~d!# is found in
some rare-earth orthoaluminatesRAlO3 ~Ref. 24! (R 5 La,
Pr, or Nd! and could also be energetically favored in som
pressure range. TheA-RES structure@Fig. 1~e!# has metal
atoms sevenfold coordinated, and is the stable form of
sesquioxidesR2O3 (R5 La, Ce, Pr, and Nd!.25 It has space
group C3̄m with a hexagonal unit cell containing only on
Al 2O3 molecule. TheRO7 group is obtained from an octa
hedron by adding a seventh oxygen atom along a three
axis. The B-RES structure@Fig. 1~f!# is monoclinic with
space groupC2/m and contains 30 atoms~6 Al 2O3) per unit
cell.26 There are three crystallographically distinct sites
metal atoms in this structure. Typically, two of them a
sevenfold coordinated by oxygens, while the third site is s
fold coordinated, but has a somewhat longer bond to a s
enth oxygen atom.

III. RESULTS AND DISCUSSION

Our results were obtained using a first-principles imp
mentation of a variable cell shape molecular-dynam
algorithm,27 which has been successfully applied to det
mine the compressive and elastic properties of import
minerals under pressure.14,28–30 We used the norm-
conserving Troullier-Martins pseudopotentials31 with partial
core corrections32 coupled with plane-wave energy cutoffs o
70 Ry for wave functions and 280 Ry for charge densit
and potentials. Brillouin-zone summations were perform
over two k points in the irreducible wedge (23232
Monkhorst-Pack grid! for all structures except forA-RES,
where the summation was performed over threek points. For
the dynamical optimizations, fictitious cell mass and ion
masses were adjusted to produce similar oscillation per
for strains and ionic coordinates, and time steps were
justed to produce approximately ten steps per period. Ty
cally, 20–30 time steps are needed for full structural rel
ations.

A. Phase stability and structural properties

Figure 2 shows the enthalpies of the six polymorphs re
tive to corundum. As previously shown,14 Al 2O3 is predicted
to transform from corundum to the Rh2O3 ~II ! modification
at 7864 GPa and then to the orthorhombic perovsk
(Pbnm) structure at 223615 GPa. We find that, at zer
pressure, all aluminum atoms in theB-RES phase are sixfold
coordinated, but have two somewhat longer bonds to o
oxygens. The longer bonds are more easily compres
which leads to eightfold coordination at high pressures~225
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GPa!. This is quite different from the typicalB-RES com-
pounds in which metal atoms are sevenfold coordinated.

TheA- andB-RES phases are found not to be competit
in the entire pressure range investigated, even though
aluminum polyhedra have larger coordination numbers. T
reason for this, as well as for the atypical sevenfold coo
nation found in this phase, might lie in the fact that t
sevenfold coordinated sites have lower symmetry and m
provide an energetically stable environment~by splitting
bonding and antibonding states! only for cations with par-
tially filled electronic shells, as it occurs with rare-earth e
ments. The calculated phase transition data of the Al2O3
phases are summarized in Table I. Table II gives calcula
structural parameters for all six Al2O3 phases at zero pres
sure. For corundum, all the calculated lattice parameters
internal positions of atoms are in excellent agreement w
the data from x-ray experiments.33,34

The change in structural parameters versus pressure
the three stable phases is shown in Figs. 3 and 4. Th
numbers reveal that the compressive behavior of th
phases differ. Their bulk moduli were calculated to be 2
262, and 235 GPa for corundum, Rh2O3 ~II !, and Pbnm
perovskite, respectively.14 Therefore, the perovskite frame
work must be somewhat more flexible in order to adapt b
ter under pressure, since this is the densest phase as
This picture is essentially confirmed in Fig. 4, where we s
the largest changes in internal parameters under pressur
the perovskite phase. Although the corundum and Rh2O3 ~II !
phases have similar bulk moduli, Fig. 3 in particular sho

FIG. 3. Pressure dependence of the lattice parameters fo
Al 2O3 phases: ~a! corundum, ~b! Rh2O3 ~II !, ~c! (Pbnm)
orthorhombic-perovskite.a0, b0, andc0 are zero-pressure values.
he
e
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that Rh2O3 ~II ! compresses considerably more anisotro
cally. The numbers reported in Figs. 3 and 4, and Table
should be useful for future experimental and theoretical st
ies of pure and doped Al2O3 under pressure.

B. Compressive behavior of Al sites

Direct comparison of the structural parameters in differ
phases under pressure gives an overall idea of the degre
distortion experienced by the compressed frameworks. H
ever, we are particularly concerned in anticipating the eff
of phase transformations experienced by Al2O3 on the fluo-
rescence lines of ruby, i.e., the ruby scale.1–6 In ruby, Cr13

enters as a substitutional impurity for aluminum. Seve
qualitative predictions regarding the nature ofd-level split-
tings can already be made by combining crystal-field the
with information about the behavior of the local environme
of different aluminum sites under pressure, i.e., point sy
metry, bond lengths, and bond angles versus pressure.

Information about different aluminum sites in three stab
structures @corundum, Rh2O3 ~II ! and (Pbnm)
orthorhombic-perovskite# is summarized in Figs. 5 and 6
Internal bond lengths versus pressure for all polyhedra un
consideration are shown in Figs. 5~a!–5~d!. The average of
the six shortest bond lengths for these phases is show
Fig. 5~e!. At zero pressure Cr13 has larger ionic radius than
Al 13 ~0.615 Å compared to 0.535 Å!,35 therefore, we expec
that it will prefer sites with larger average Al-O bon
lengths, if within reasonable bounds, whenever there i
choice. The corundum and Rh2O3 ~II ! phases have only on
kind of crystallographic site each, with point symmetriesC3
andC1, respectively. The first noticeable feature through

he

FIG. 4. Changes in internal parameters with pressure for Al2O3

phases:~a! corundum,~b! Rh2O3 ~II !, ~c! (Pbnm) orthorhombic-
perovskite.
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the corundum to Rh2O3 ~II ! transformation at 78 GPa is th
symmetry lowering and the splitting of bond lengths, whi
implies furtherd-level splittings. This suggests that if th
transformation were to occur, the ruby fluorescence lines
bands might broaden. Only an accurate calculation of
impurity states would allow us to assess the nature of
frequency shifts, but the similarity among avera
bondlengths across the transformation@Fig. 5~e!# suggests
that such shifts might be a minor effect.

In the perovskite phase, there are two possible dist
sites for Cr13: an octahedral one~Al (1) in Table II! with
symmetryCi , and a formally 12-fold site~Al (2) in Table II!
with symmetryC1h . The internal and average bondlengt
for these two sites are shown in Figs. 5~c!–5~e!. The internal
bond lengths around the 12-fold site span a wide range
distances, however only the six shortest bonds are within
pressure range spanned by the Al-O bond lengths in the o
structures. Presumably, the strongest Al-O bonds invo

FIG. 5. Pressure dependence of the internal bond lengths o
AlO 6 octahedra in the Al2O3 phases:~a! corundum,~b! Rh2O3 ~II !,
and ~c! (Pbnm) orthorhombic-perovskite. The internal bon
lengths of the AlO12 polyhedron in the (Pbnm) orthorhombic-
perovskite phase are also given in~d! for comparison. There are two
crystallographically distinct oxygen sites in Rh2O3 ~II ! and
(Pbnm) perovskite, and the Al-O bondlengths at these sites
plotted in solid and dashed lines.~e! The average Al-O bond length
for the stable phases throughout their predicted stability fields.
the perovskite phase, we also plot the average of the smalles
bondlengths of the AlO12 polyhedron.
d
e
e

ct

of
e
er
e

only the first six oxygen neighbors, and the average value
these bonds is also shown in Fig. 5~e!. Throughout the
Rh2O3 ~II ! to perovskite transformation, the averag
bondlength around the Al(1) site decreases, while that aroun
the Al(2) site increases considerably, or only mildly if w
consider the six shortest Al-O bonds. With a good degree
confidence, it can be said that Cr13 will prefer the Al(2) site
since the average bondlength in this site corresponds m
closely to the Cr-O bondlength. This suggests thatd-level
splittings will be smaller than in the Rh2O3 ~II ! phase, and
intra-d level transitions will be red-shifted. This scenario d
rives from simple considerations based on the one elec
picture. Considerations of the fully correlated multiplet sta
might render these trends less significant.

Finally, we quantify, by means of quadratic elongatio
~QE! and angle variances (s2),36 the degree of distortion o
the sixfold sites in the three structures considered. They
defined as36

s25(
i 51

12

~u i290°!2/11

he

e

or
six

FIG. 6. Pressure dependence of quadratic elongations QE~—–!
and angle variancess2 ~– – –! ~as defined by Ref. 36! of the AlO

6 octahedra for the Al2O3 phases:~a! corundum,~b! Rh2O3 ~II !,
and~c! Pbnm-perovskite. Insets show octahedral shapes. In~c! the
coordination shell of the 12-fold site inPbnm-perovskite is also
shown. The nearest six neighbors are indicated by arrows.
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and

QE5(
i 51

6

~ l i / l 0!2/6,

whereu i ’s are the octahedral internal angles andl i ’s are the
center-to-vertex distances of the distorted octahedron.l 0 is
the center-to-vertex distance of a regular octahedron ha
the same volume as that of the distorted octahedron.
regular polyhedra, QE ands2 are 1 and 0, respectively. De
parture from these values indicates the degree of distor
away from perfectOh symmetry. Figure 6~a! shows that in
corundum, octahedral distortions decrease with increa
pressure. Therefore, the assumption of nearlyOh and con-
stant symmetry for this site, as made in some previous
oretical studies of the Cr13 impurity of ruby, describes
closely the real physical situation. In contrast, Fig. 6~b!
shows that in the Rh2O3 ~II ! phase octahedra are conside
ably more distorted, and the distortion increases further
yond 150 GPa. This will have the effect of further splittin
the e and t2g levels in Cr13. Figure 6~c! shows that the
purely octahedral Al(1) site in the perovskite phase is th
least distorted one. On the other hand, the first six neighb
to the Al(2) site depart considerably from octahedron sy
metry, resembling more closely to a triangular slab. T
should be the preferred site for the Cr13 impurity.
ck
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IV. SUMMARY

In summary, we have investigated the relative stability
six Al 2O3 alumina polymorphs in the range of 0–450 GP
For the three predicted stable phases in this pressure ra
i.e., corundum, Rh2O3 ~II !, and Pbnm-perovskite, we
present the pressure dependence of all structural param
that characterize these phases. We also describe in deta
change of local environment of all aluminum sites in the
stable phases. We show that across the corundum to Rh2O3

phase transformation, the octahedral site distorts sign
cantly. In the last phase, there are two considerably differ
sites, and a Cr13 impurity should prefer the 12-fold site~in
fact, a highly distorted sixfold site!. This information should
be useful for experimental studies searching for hig
pressure phases as well as for theoretical studies
Cr13-doped alumina, i.e., the effect of phase transformati
on the ruby-fluorescence lines.
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