
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 69, 020106~R! ~2004!
Dynamic simulation of pressure-driven phase transformations in crystalline Al2O3
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The pressure-driven phase behavior of crystalline Al2O3 is studied using molecular dynamics with an
interaction model derived directly fromab initio calculations. The application and removal of pressure results
in two phase transformations to and from the Rh2O3-II and, at higher pressure, an orthoperovskite phase,
respectively. The x-ray diffraction pattern of the orthoperovskite phase is compatible with the experimental
data and its stability can be rationalized in terms of changes in the ion coordination environments and corun-
dum grain boundaries. Implications for pressure measurements using Ruby fluorescence lines are discussed.
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Crystalline alumina Al2O3 doped with Cr31 ~Ruby!, is
widely used as a pressure marker in high-press
experiments.1 The fluorescence lines show a clear press
dependence which allows for the monitoring of thein situ
pressure in a sample held in a diamond anvil cell. Howe
as the pressures accessed in such experiments increa
detailed atomistic understanding of the behavior of t
marker becomes important as potential phase transitions
alter the fluorescence properties.

Alumina, in common with a range of M2O3 stoichiometry
oxides, crystallizes under ambient conditions into a cor
dum (a2Al2O3) structure in which all the cations are in
six-coordinate environment. Under pressure, such syst
may transform into a Rh2O3-II structure ~in which the cat-
ions are also six-coordinate! ~Ref. 2! as has been observe
for Cr2O3,3 Fe2O3 ~Refs. 4,5! and Rh2O3 itself.2 For Al2O3,
the Rh2O3-II structure has been reported from x-ray diffra
tion experiments to appear at;100 GPa.6 In addition, the
results of electronic structure calculations7 have been used to
argue that such a structure has been seen previous
;175 GPa.8 The experimental evidence for the appearan
of this structure is, however, not entirely compelling. T
high pressures and temperatures, coupled with diffrac
peaks arising from impurities, necessary containment m
rials, and possible residual corundum material, render
experimental diffraction patterns open to alternative interp
tations.

Ab initio electronic structure techniques have been
lized in order to locate the pressure at which the corundum
Rh2O3-II ~as well as other possible high-pressure structu
based on a distorted perovskite! phase transition become
thermodynamically favored.7,9 These methodologies do no
however, lend themselves naturally to the study of dyna
pressure-driven transitions which may lead to informat
regarding the transformation kinetics. The computational
pense of even the most efficient methodologies severely
stricts both the length and time scales which can be ef
tively studied. By referring to a simpler representation of t
ion properties a more computationally efficient model can
constructed that allows for the study of the time-depend
dynamics and, as a result, may lead to an understandin
the atomistic mechanisms by which such phase transfor
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tions occur. Furthermore, the use of a truly dynamic a
proach may allow for the evolution of structures previous
unimagined, or distortions of structures already conside
which may then act as a symbiotic feed into additional we
directed electronic structure calculations.

In order to account for the relative sensitivity of the oxid
anion to the ion environment a flexible representation of
response of the ion electron density to changes in that e
ronment is required. This model, termed an anisotropic-
model ~AIM !,10,11 incorporates the response of each ion
changes in the electric field and gradient~induced dipoles
and quadrupoles! and their deformation~change in both size
and shape! in response to changes in the local~short-range!
environment. The parameters required for the AIM are o
tained by utilizing force-fitting procedures.11 Reference
density-functional calculations are performed on five diffe
ent atomic configurations taken from molecular dynam
simulations on systems containing around 200 ions. Th
configurations are taken from different crystal structures a
the liquid state and hence a range of possible coordina
environments are sampled in the fitting. Each configurat
yields a set ofab initio individual ion forces,$ f a

i %, and cell
stress tensors,$hab%. The Kohn-Sham orbitals are subjecte
to a Wannier analysis which allows the inherent ion dipo
and quadrupoles,$ma

i ,uab
i %, to be extracted from each

configuration.12 Up to 21 of the AIM parameters are the
varied in several steps within physically reasonable limits
order to best fit the complete set of forces, stresses and
multipoles,$ f a

i ,hab ,ma
i ,uab

i %.
Figure 1 shows the static~0 K! energy/volume curves fo

the Al2O3 AIM calculated for the corundum, Rh2O3-II and
the orthorhombic-distorted perovskite~see Ref. 7! structures.
The ion coordinates and cell variables are relaxed at e
volume. The pressure at which the Rh2O3-II structure be-
comes thermodynamically stable over the corundum can
calculated by equating the respective free energies~simply
given by U1pV for each phase at 0 K, withp5
2dU/dV). The present model predicts a transition press
of 90 GPa consistent with the most recent electronic str
ture value@78 GPa~Ref. 7! which compares with older val
ues between 6 and 148 GPa~Refs. 13–16!# and the experi-
©2004 The American Physical Society06-1
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mental value of;100 GPa.6 The present model value i
significantly less than the value of 194 GPa predicted usin
less sophisticated version of the current model in which o
the change in size~and not shape! of the anion was
considered.17 The volume change is predicted to be;2.1%
compared with;2.2% ~Ref. 7! and ;1.7–2.5%.13–17 The
experimental volume change is estimated to be;3.7%.6

Dynamic simulations are performed starting from the c
rundum structure with 32 Al2O3 units. The variables control-
ling the AIM are incorporated as variational degrees of fre
dom in an extended Lagrangian formalism and the ene
minimized with respect to them using a conjugate gradi
algorithm.18 The system temperature is maintained at 1000
using Nose´-Hoover thermostats19 with the pressure con-
trolled by anisotropic barostats, in which the cell lengths a
angles are allowed to vary in order to maintain a const
stress.20 A molecular dynamics time-step of 50 a.u.~;1.2 fs!
is employed and changes in the pressure are imposed
incrementing the required barostat pressure in steps
0.0002 a.u. (>5.9 GPa) every 4000 steps (>5 ps). Analysis
of the changes in the system cell lengths, angles, volu
and the total structure factors as a function of time indic
that two structural transformations occur up to a pressure
around 270 GPa with no further changes in cell angles
served up to 500 GPa. The two changes occur in close
cession are;270 and 278 GPa with associated volum
changes of;2.7% and 0.4%, respectively. These large ov
pressures are discussed below. The dynamic evolution of
system energy as a function of the volume as the pressu
increased is shown in Fig. 1 superimposed on the static~0 K!
energy/volume curves. The phase transitions are clearly
dent as a sharp change in the energy and volume~highlighted
by the arrow!.

Figure 2 shows the total x-ray scattering functio
Fxrd(k) calculated by combining the three partial structu

FIG. 1. ~Color online! Energy/volume curves for the corundum
~solid line!, Rh2O3-II ~dashed line! and orthoperovskite~light line!
structures. The lightest line shows the dynamic evolution of
energy for the corundum→Rh2O3-II→ orthoperovskite transfor-
mation. The arrow indicates the location of the two-stage trans
mation. The inset shows the region around the respective en
minima in more detail with the addition of a~light! curve showing
the dynamic evolution of the energy for the reverse (Rh2O3-II→
corundum! transformation.
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factors, Sab(k)5^Aa(k).Ab* (k)&, where Aa(k)
5(1/ANa)( i 51

Na eik.r i, weighted by the appropriate form
factors.21 The figure shows this function calculated dynam
cally by averaging over 100 configurations (>12 ps) and
that generated from the inherent structures~the nearest loca
potential energy minima found from these configuration!.
Three distinct diffraction patterns are evident as the press
driven transition evolves. Prior to the first volume change
diffraction pattern clearly resembles that for corundum~as
evidenced by the peak assignments shown!. After the first
~largest! volume change the diffraction pattern correspon
to that expected for the Rh2O3-II structure with, in particular,
the emergence of the@011# peak. The highest pressure stru
ture observed in the present work~present after the second
smaller, volume change! yields the uppermost diffraction
pattern. The diffraction pattern is similar to those observ
for both the corundum and Rh2O3-II structures, with addi-
tional peaks evident at low scattering angle (;1.9 Å21) and
;3.2 Å21. Further analysis shows the latter to correspond
an orthoperovskite structure.

Figure 2 also shows molecular graphics ‘‘snapshots’’
the three inherent structures, projected along the@ 1̄21̄0# di-
rection. The bottom and center snapshots correspond to
corundum and Rh2O3-II structures, respectively. Both crysta
structures are constructed exclusively from six-coordin
cations and four-coordinate anions. The Rh2O3-II structure
can be considered as constructed from slices of the co
dum structure2 giving an infinite series of vacancy
terminated$1̄012%i$1̄012% rhombohedral twin grain bound
aries, in which successive slabs are related to one anothe
a screw rotation about the@101̄1# direction.22 As a result, the
pressure-driven transition from the corundum→Rh2O3-II
structures appears relatively unusual in that there is no
crease in the nominal nearest-neighbor cation-anion coo
nation number. However, the transformation does allow fo
relaxation of the mean Al-O bond length as one of the th
‘‘short’’Al-O bonds in the corundum structure is transforme
to a ‘‘long’’ bond in the Rh2O3-II. As a result, there is an
increase of around 2.5% in the mean Al-O bond length~cal-
culated for the first six anion neighbors! across the phase
transformation.

The uppermost snapshot in Fig. 2 shows the orthopero
kite structure found to be stable in the present model up
;500 GPa. At these high pressures the perovskite struc
formed is found to be a distortion of that consider
previously.7 The oxygen atom~labeled O(1) in Ref. 7! is
displaced from (0.142,0.412,0.250) in the original unit ce
to (0.941,0.342,0.250). The ions labeled O(2) and Al(2) show
small displacements. As a result of this distortion, this str
ture can also be rationalized as a series of$1̄012%i$1̄012%
grain boundaries but which are now effectively ani
terminated.22 However, unlike the Rh2O3-II structure, the
formation of this grain boundary sequence does lead t
change in the cation-anion coordination environment. T
50% of the cations which occupy the sites along each bou
ary are in effective eight-coordinate~six short and two longer
bonds! sites. As a result, the stability of this high pressu
structure can be understood in terms of the increase
cation-anion coordination number. To emphasize this po
Fig. 1 shows the 0 K energy/volume curve for the idealize
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orthoperovskite structure. As expected, the higher m
anion-cation coordination number structure becomes e
getically stable at low volumes. Additional high-pressu
electronic structure calculations, in which the cell and i
coordinates are allowed to fully relax, confirm the stability
this orthoperovskite structure. Furthermore, these calc
tions confirm the relative energetic stabilities of the coru
dum, Rh2O3-II and orthoperovskite structures.

Figure 2 shows the experimental high pressure
(;100 GPa) x-ray diffraction pattern determined b
Funamori and Jeanloz.6 The relatively facile formation of the
orthoperovskite structure, and its clear relationship to
Rh2O3-II, allows us to speculate that this, and not th
Rh2O3-II structure, may be giving rise to the experimental
observed x-ray diffraction pattern.6 To aid the interpretation
of the experimental XRD pattern shown in Fig. 2, the fir
ten peaks have been labeled. Peaks 1 and 2 appear in
the high pressure and Rh2O3-II patterns. The peak at low
scattering angle~at ;1.9 Å21) in the orthoperovskite struc
ture is not evident in the experimental pattern, although
may be hidden by the increase in signal observed at such
scattering angles. Peak 4 does not appear in the pattern
rived from the Rh2O3-II structure, but is evident from the
orthoperovskite structure. Funamori and Jeanloz reason
argue that their experimental high-pressure sample may c
tain a mixture of the high-pressure structure and the cor
dum ~low pressure! starting material. As a result, peak 4
argued to arise from the@104# corundum peak. An analogou
argument is used to explain the absence of peak 7 in
Rh2O3-II derived x-ray diffraction pattern~which is present
in the high-pressure pattern!. In this case, the presence of th
Pt gasket material in the sample is cited as the peak orig

In summary, therefore, the high-pressure grain bound

FIG. 2. ~Color online! ~a! Total x-ray diffraction pattern@shown
as Fxrd(k)/k to emphasize the low-k features# for the corundum,
Rh2O3-II and high-pressure grain boundary~orthoperovskite! struc-
tures. The upper~thick! lines are time-averaged over 100 config
rations while the lower~thin! lines are calculated from single~in-
herent structure! configurations. The uppermost curve is th
experimental high pressure (;100 GPa) from Ref. 6.~b! Molecular
graphics ‘‘snapshots’’ of the three inherent structures taken du

the dynamic phase transformations projected along the@ 1̄21̄0# di-
rection. The top figure~the orthoperovskite! is viewed in a direction
equivalent to the@110# direction in the orthoperovskite unit cell.
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structure~equivalent to an orthoperovskite crystal! observed
in the present work is, at least, as good a fit to the exp
mentally determined high pressure x-ray diffraction patte
as is the Rh2O3-II-derived pattern. An improvement in the
quality of the x-ray diffraction patterns or, alternatively,
neutron study~which would lead to a very different scatter
ing pattern owing to the different ion scattering propertie!
could lead to a more accurate interpretation of the underly
structures. Alternatively,27Al NMR techniques would show
a different chemical shift for the two aluminum environ
ments ~see, for example, Ref. 23!. However, present tech
niques do not allow for such samples to be studied at h
pressures.

To further understand the transformation mechanism
namic simulations are performed in which the pressure
systematically decreased from the maximum value reac
~500 GPa! to ;215 GPa in steps of20.0002 a.u. every
4000 steps. As with the positive pressure-gradient proc
two transformations are observed by reference to the
volumes, angles and lengths, at;150 GPa and
;215 GPa, respectively, with associated volume change
0.9% and 2.2%, respectively. Analysis of the x-ray diffra
tion patterns shows that these two transformations are
reverse of those observed for the positive pressure cycle;
transformation at;150 GPa corresponds to the orthoperov
kite →Rh2O3-II, while that at ;215 GPa corresponds to
the Rh2O3-II→ corundum.

Figure 3~a! shows the time-evolution of the three ce
angles for the second transformation (Rh2O3-II→ corun-
dum!. The evolution of the required system pressure a
function of time is shown in the upper panel. The cell und
goes a clear two-step change in shape from orthorhombi
monoclinic with the angle between theb and c axes,ubc ,
changing from 90° to;95°. An analysis of the ion positions
indicates that the distinct two-step process indicated by F

g

FIG. 3. ~Color online! ~a! Time evolution of the three cell angle
for the Rh2O3-II→ corundum transformation. The systematic tw

step change inuyz is indicative of successive$1̄012%i$1̄012% grain
boundary annihilations.~b! Schematic representation of the ob
served Rh2O3-II→ corundum shearing mechanism. The thick bla
lines represent layers of anions on the$0001% planes of each grain.
The solid circles represent the locations of the cations betw
these anion planes. The shearing motion indicated by the arr
transforms the anion planes into a single sequence of~corundum!
stacked$0001% planes.
6-3
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3~a! are the result of the annihilation of successive vacan
terminated$1̄012%i$1̄012% grain boundaries. The evolutio
of the dynamic system energy, as a function of volume
shown in the inset to Fig. 1 with the phase transformat
back to the corundum indicated by the change in sys
energy. Figure 3~b! shows a schematic representation of t
mechanism by which the Rh2O3-II structure transforms into
the corundum. The grains in the Rh2O3-II structure have al-
ternately arranged close-packed anion sublattices~as indi-
cated by the@0001#1 and @0001#2 directions in the figure!.
The transformation to the corundum structure requires th
lattices to revert to a single close-packed anion sublat
direction. This is achieved by a shearing motion in which
anions on the grain boundary edges are seen to tran
along opposite directions. As a result, one of the@0001# di-
rections in the Rh2O3-II crystal reverts to the alternat
@0001# direction with an effective rotation in the sub-lattic
of 74.3°.

The highly correlated ion motion required for the coru
dum↔Rh2O3-II transformations indicates that such a stru
tural change should have a high kinetic barrier. Furtherm
the symmetry breaking required for the corundu
lid

a

a

i-
,

ic

.
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→Rh2O3-II transformation may introduce a further kinet
barrier. These barriers are evident in the large over-
under-pressures required to drive the transformations in
simulation model. The addition symmetry-breaking elem
is manifested in the larger over pressure observed when c
pared with the under pressure. The Rh2O3-II↔ orthoperovs-
kite transformation is, however, relatively facile as it i
volves a systematic shift of the corundumlike grains evid
in Fig. 2~b!.

Finally, the relatively facile formation of the high
pressure grain boundary structure~orthoperovskite! observed
here may have significant implications for the Cr31-doped
Ruby pressure markers. The Cr31 ion, being larger than the
Al31, would be expected to segregate to the larger eig
coordinate sites~in a manner highlighted by Elsa¨sser and
Marinopoulos24 for doped alumina!. Such segregation ma
control the frequencies of the fluorescence lines at extre
pressures.

M.W. thanks the Royal Society for financial support. T
work was supported by EPSRC grants~Grants Nos. GR/
S06233/01 and GR/R57584/01!.
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