RAPID COMMUNICATIONS

Dynamic simulation of pressure-driven phase transformations in crystalline AJO4

PHYSICAL REVIEW B 69, 020106R) (2004

Sandro Jahn and Paul A. Madden
Physical and Theoretical Chemistry Laboratory, Oxford University, South Parks Road, Oxford OX1 3QZ, United Kingdom

Mark Wilson
Department of Chemistry, University College London, 20 Gordon Street, London WC1H 0AJ, United Kingdom

(Received 2 September 2003; published 27 January)2004

The pressure-driven phase behavior of crystallingQAlis studied using molecular dynamics with an
interaction model derived directly fromb initio calculations. The application and removal of pressure results
in two phase transformations to and from the,®41l 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 AJO; doped with C#* (Ruby), is  tions occur. Furthermore, the use of a truly dynamic ap-
widely used as a pressure marker in high-pressur@roach may allow for the evolution of structures previously
experiments. The fluorescence lines show a clear pressurainimagined, or distortions of structures already considered,
dependence which allows for the monitoring of timesitu ~ which may then act as a symbiotic feed into additional well-
pressure in a sample held in a diamond anvil cell. Howeverdirected electronic structure calculations.
as the pressures accessed in such experiments increase, dn order to account for the relative sensitivity of the oxide
detailed atomistic understanding of the behavior of thisanion to the ion environment a flexible representation of the
marker becomes important as potential phase transitions magsponse of the ion electron density to changes in that envi-
alter the fluorescence properties. ronment is required. This model, termed an anisotropic-ion

Alumina, in common with a range of D stoichiometry  model (AIM),'>** incorporates the response of each ion to
oxides, crystallizes under 'ambi(.ant conditions' into a COrunthanges in the electric field and gradiintduced dipoles
dum (a—Al,03) structure in which all the cations are in a 434 quadrupolesand their deformatiorichange in both size
six-coordinate environment. Under pressure, such systemsg, q shapkin response to changes in the lo¢ghort-rangg

may transflorm into a (I;’?_Jog-l:?s';ructure ﬂn WQiCh ths cat- 4 Environment. The parameters required for the AIM are ob-
ions are also six-coordinatéRef. 2 as has been observe tained by utilizing force-fitting proceduré$. Reference

3 ; 2
Iﬁr %2%3 ”Feffo3t(RefE' 4'3 and Rl&oﬁ '(tjs?lf' For Al?é).?f' density-functional calculations are performed on five differ-
€ RROg-ll structure has been reported from x-ray diffrac- ent atomic configurations taken from molecular dynamics

tion experiments to appear at100 GPa’ In addition, the simulations on systems containing around 200 ions. These

results of electronic structure calculatidhgve been used to nfiqurations ar)e/ taken from diﬁe?ent crvstal structur.es and

argue that such a structure has been seen previously phnaur ysta o
dne liquid state and hence a range of possible coordination

~175 GP&® The experimental evidence for the appearanc . ) - . .
of this structure is, however, not entirely compelling. The€nvironments are sampled in the fitting. Each configuration

high pressures and temperatures, coupled with diffractiodields a set ofb initio individual ion forcgs,{f'a}, and cell
peaks arising from impurities, necessary containment mateStress tensorg,n,p}. The Kohn-Sham orbitals are subjected
rials, and possible residual corundum material, render th& @ Wannier analysis which allows the inherent ion dipoles
experimental diffraction patterns open to alternative interpreand quadrUpC)'eS{M'a,Glaﬁ}, to be extracted from each
tations. configurationt? Up to 21 of the AIM parameters are then
Ab initio electronic structure techniques have been uti-varied in several steps within physically reasonable limits in
lized in order to locate the pressure at which the corundum terder to best fit the complete set of forces, stresses and ion
Rh,O;-1l (as well as other possible high-pressure structuregultipoles,{fy, , 7ap, iy » O p}-
based on a distorted perovshitghase transition becomes  Figure 1 shows the stati® K) energy/volume curves for
thermodynamically favoredl® These methodologies do not, the Al,O; AIM calculated for the corundum, R®;-1l and
however, lend themselves naturally to the study of dynamidhe orthorhombic-distorted perovskitsee Ref. ¥ structures.
pressure-driven transitions which may lead to informationThe ion coordinates and cell variables are relaxed at each
regarding the transformation kinetics. The computational exvolume. The pressure at which the Ri-Il structure be-
pense of even the most efficient methodologies severely resomes thermodynamically stable over the corundum can be
stricts both the length and time scales which can be effeccalculated by equating the respective free ener@geaply
tively studied. By referring to a simpler representation of thegiven by U+pV for each phase at 0 K, withp=
ion properties a more computationally efficient model can be-dU/dV). The present model predicts a transition pressure
constructed that allows for the study of the time-dependentf 90 GPa consistent with the most recent electronic struc-
dynamics and, as a result, may lead to an understanding tfire value[78 GPa(Ref. 7) which compares with older val-
the atomistic mechanisms by which such phase transformaies between 6 and 148 GPRefs. 13—-1§] and the experi-
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23500 factors,  S,s(k)=(A.(k).A3(K)), where  A_(k)
=(1YN,) =N k", weighted by the appropriate form
factors?! The figure shows this function calculated dynami-
cally by averaging over 100 configurations={2 ps) and
that generated from the inherent structufee nearest local
potential energy minima found from these configuratjons
Three distinct diffraction patterns are evident as the pressure-
driven transition evolves. Prior to the first volume change the
diffraction pattern clearly resembles that for corund(as
evidenced by the peak assignments showifter the first
(largesj volume change the diffraction pattern corresponds
to that expected for the RB3-11 structure with, in particular,
the emergence of tH®11] peak. The highest pressure struc-
o5 . 5 . = . = . —  ture observed in the present wafiiresent after the second,
VIAY smaller, volume chgngeyields ;he ‘uppermost diffraction
FIG. 1. (Color onling Energy/volume curves for the corundum pattern. The diffraction pattern is similar to thos_e obse_rved
N for both the corundum and R@5-11 structures, with addi-

(solid line), Rh,O5-11 (dashed lingand orthoperovskitélight line) . . . 1
structures. The lightest line shows the dynamic evolution of thetIonal peaks evident at low scattering angte9 A ) and

. ~3.2 AL, Further analysis shows the latter to correspond to
energy for the corundum-Rh,O5-11— orthoperovskite transfor- an orthoperovskite structure.

mat!on. The arrow indicates the chatlon of the two-stagg transfor- Figure 2 also shows molecular graphics “snapshots” of
mation. The inset shows the region around the respective ener =

minima in more detail with the addition of @ight) curve showing the three inherent structures, projected along[##10] di-
the dynamic evolution of the energy for the reverse f&fll— rection. The bottom and center snapshof[s correspond to the
corundum transformation. corundum and R}O5-Il structures, rgspectlvely. B_oth crys_tal
structures are constructed exclusively from six-coordinate
mental value of~100 GP&® The present model value is cations and four-coordinate anions. The,Rkll structure
significantly less than the value of 194 GPa predicted using &an be considered as constructed from slices of the corun-
less sophisticated version of the current model in which onlydum strucyré giving an infinite series of vacancy-
the change in sizeland not shapeof the anion was terminated{1012{1012 rhombohedral twin grain bound-
considered The volume change is predicted t?gbfg.l% aries, in which successive slabs are related to one another by
compared with~2.2% (Ref. 7) and ~1.7-2.5%."" ;rhe a screw rotation about tHe.011] direction??As a result, the
experimental volume change is estimated to-b&7%. pressure-driven transition from the corundumRh,Og-lI
Dynamic simulations are performed starting from the co-giryctures appears relatively unusual in that there is no in-
rundum structure with 32 AD; units. The variables control- ¢rease in the nominal nearest-neighbor cation-anion coordi-
ling the AIM are incorporated as variational degrees of freeyaion number. However, the transformation does allow for a
dom in an extended Lagrangian formalism and the energye|axation of the mean Al-O bond length as one of the three
minimized with respect to them using a conjugate gradientshort” Al-O bonds in the corundum structure is transformed
algorithm:® The system temperature is maintained at 1000 Ko a “long” bond in the RhO4-Il. As a result, there is an
using NoseHoover thermostaté with the pressure con- ncrease of around 2.5% in the mean Al-O bond ler{gdi-
trolled by anisotropic barostats, in which the cell lengths anctulated for the first six anion neighboracross the phase
angles are allowed to vary in order to maintain a constantransformation.
stress?® A molecular dynamics time-step of 50 a(t:1.2 f9) The uppermost snapshot in Fig. 2 shows the orthoperovs-
is employed and changes in the pressure are imposed Ikjte structure found to be stable in the present model up to
incrementing the required barostat pressure in steps of 500 GPa. At these high pressures the perovskite structure
0.0002 a.u. £5.9 GPa) every 4000 steps6 ps). Analysis formed is found to be a distortion of that considered
of the changes in the system cell lengths, angles, volumereviously! The oxygen atom(labeled @V in Ref. 7 is
and the total structure factors as a function of time indicatelisplaced from (0.142,0.412,0.250) in the original unit cell,
that two structural transformations occur up to a pressure P (0.941,0.342,0.250). The ions labeletand Af?) show
around 270 GPa with no further changes in cell angles obsmall displacements. As a result of this distortion, this struc-
served up to 500 GPa. The two changes occur in close sutdre can also be rationalized as a seried 912 {1012
cession are~270 and 278 GPa with associated volumegrain boundaries but which are now effectively anion
changes of-2.7% and 0.4%, respectively. These large overterminated®® However, unlike the RJOs-Il structure, the
pressures are discussed below. The dynamic evolution of thlermation of this grain boundary sequence does lead to a
system energy as a function of the volume as the pressure ¢hange in the cation-anion coordination environment. The
increased is shown in Fig. 1 superimposed on the df@utic) 50% of the cations which occupy the sites along each bound-
energy/volume curves. The phase transitions are clearly evary are in effective eight-coordinatsix short and two longer
dent as a sharp change in the energy and vol(nighlighted  bonds sites. As a result, the stability of this high pressure
by the arrow. structure can be understood in terms of the increase in
Figure 2 shows the total x-ray scattering functionscation-anion coordination number. To emphasize this point,
F*d(k) calculated by combining the three partial structureFig. 1 shows te 0 K energy/volume curve for the idealized
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(@) kA FIG. 3. (Color onling (a) Time evolution of the three cell angles
FIG. 2. (Color online (a) Total x-ray diffraction patterfishown for the RRO5-11l — corundum transformation. The systematic two-
as FX"(k)/k to emphasize the low-feature$ for the corundum, step change iy, is indicative of successiv{aTOlZ}H{TOlZ} grain
Rh,O5-11 and high-pressure grain boundaigrthoperovskitgstruc-  boundary annihilations(b) Schematic representation of the ob-
tures. The uppefthick) lines are time-averaged over 100 configu- served RhO;-Il— corundum shearing mechanism. The thick black
rations while the lowelthin) lines are calculated from singlén- lines represent layers of anions on {0801 planes of each grain.
herent structure configurations. The uppermost curve is the The solid circles represent the locations of the cations between
experimental high pressure-100 GPa) from Ref. 6b) Molecular ~ these anion planes. The shearing motion indicated by the arrows
graphics “snapshots” of the three inherent structures taken duringransforms the anion planes into a single sequencgaiindum
the dynamic phase transformations projected alond 1#240] di-  stacked{000% planes.
rection. The top figuréthe orthoperovskiteis viewed in a direction
equivalent to thé 110] direction in the orthoperovskite unit cell.  Structure(equivalent to an orthoperovskite crystabserved
in the present work is, at least, as good a fit to the experi-
orthoperovskite structure. As expected, the higher meamentally determined high pressure x-ray diffraction pattern
anion-cation coordination number structure becomes eness is the RpO;-II-derived pattern. An improvement in the
getically stable at low volumes. Additional high-pressurequality of the x-ray diffraction patterns or, alternatively, a
electronic structure calculations, in which the cell and ionneutron study(which would lead to a very different scatter-
coordinates are allowed to fully relax, confirm the stability of ing pattern owing to the different ion scattering propeities
this orthoperovskite structure. Furthermore, these calculacould lead to a more accurate interpretation of the underlying
tions confirm the relative energetic stabilities of the corun-structures. Alternatively?’Al NMR techniques would show
dum, RBOs-1l and orthoperovskite structures. a different chemical shift for the two aluminum environ-
Figure 2 shows the experimental high pressure ments(see, for example, Ref. 23However, present tech-
(~100 GPa) x-ray diffraction pattern determined by niques do not allow for such samples to be studied at high
Funamori and JeanldZThe relatively facile formation of the pressures.
orthoperovskite structure, and its clear relationship to the To further understand the transformation mechanism dy-
Rh,O5-11, allows us to speculate that this, and not thenamic simulations are performed in which the pressure is
Rh,05-1 structure, may be giving rise to the experimentally systematically decreased from the maximum value reached
observed x-ray diffraction pattefriTo aid the interpretation (500 GPa to ~—15 GPa in steps of-0.0002 a.u. every
of the experimental XRD pattern shown in Fig. 2, the first4000 steps. As with the positive pressure-gradient process,
ten peaks have been labeled. Peaks 1 and 2 appear in bdto transformations are observed by reference to the cell
the high pressure and Rbs-1l patterns. The peak at low volumes, angles and lengths, at-150 GPa and
scattering angléat ~1.9 A~1) in the orthoperovskite struc- ~—15 GPa, respectively, with associated volume changes of
ture is not evident in the experimental pattern, although i10.9% and 2.2%, respectively. Analysis of the x-ray diffrac-
may be hidden by the increase in signal observed at such lotion patterns shows that these two transformations are the
scattering angles. Peak 4 does not appear in the pattern d@verse of those observed for the positive pressure cycle; the
rived from the RRO;-1l structure, but is evident from the transformation at-150 GPa corresponds to the orthoperovs-
orthoperovskite structure. Funamori and Jeanloz reasonabkite —Rh,Os-1l, while that at ~—15 GPa corresponds to
argue that their experimental high-pressure sample may cothe RRO5-11— corundum.
tain a mixture of the high-pressure structure and the corun- Figure 3a) shows the time-evolution of the three cell
dum (low pressurg starting material. As a result, peak 4 is angles for the second transformation ¢(Rg-Il— corun-
argued to arise from tHel04] corundum peak. An analogous dum). The evolution of the required system pressure as a
argument is used to explain the absence of peak 7 in thiunction of time is shown in the upper panel. The cell under-
Rh,O5-II derived x-ray diffraction patteriwhich is present goes a clear two-step change in shape from orthorhombic to
in the high-pressure patterrin this case, the presence of the monoclinic with the angle between theandc axes, 8,.,
Pt gasket material in the sample is cited as the peak originchanging from 90° te~95°. An analysis of the ion positions
In summary, therefore, the high-pressure grain boundarjndicates that the distinct two-step process indicated by Fig.
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3(a) are the result of the annihilation of successive vacancy-- Rh,O,-Il transformation may introduce a further kinetic
terminated{1012[{1012 grain boundaries. The evolution barrier. These barriers are evident in the large over- and
of the dynamic system energy, as a function of volume, igunder-pressures required to drive the transformations in the
shown in the inset to Fig. 1 with the phase transformatiorsimulation model. The addition symmetry-breaking element
back to the corundum indicated by the change in systenis manifested in the larger over pressure observed when com-
energy. Figure @) shows a schematic representation of thepared with the under pressure. The,Rk-Il <~ orthoperovs-
mechanism by which the B®s-Il structure transforms into kite transformation is, however, relatively facile as it in-
the corundum. The grains in the -1l structure have al- volves a systematic shift of the corundumlike grains evident
ternately arranged close-packed anion sublatti@ssindi-  in Fig. 2b).
cated by thg 0001]; and[0001], directions in the figure Finally, the relatively facile formation of the high-
The transformation to the corundum structure requires theseressure grain boundary structyogthoperovskitgobserved
lattices to revert to a single close-packed anion sublatticéere may have significant implications for the*Crdoped
direction. This is achieved by a shearing motion in which theRuby pressure markers. The*Crion, being larger than the
anions on the grain boundary edges are seen to translafd®", would be expected to segregate to the larger eight-
along opposite directions. As a result, one of fp801] di-  coordinate sitegin a manner highlighted by Elsser and
rections in the RjOs-Il crystal reverts to the alternate Marinopoulo$’ for doped alumina Such segregation may
[0007] direction with an effective rotation in the sub-lattice control the frequencies of the fluorescence lines at extreme
of 74.3°. pressures.

The highly correlated ion motion required for the corun-
dum < Rh,05-1l transformations indicates that such a struc- M.W. thanks the Royal Society for financial support. The
tural change should have a high kinetic barrier. Furthermoreywork was supported by EPSRC grarSrants Nos. GR/
the symmetry breaking required for the corundumS06233/01 and GR/R57584/01
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