Revision-1
New high pressure phases in MOOH (M=Al, Ga, In)

ASHOK K. VERMA1, P. MODAK! and LARS STIXRUDE?2
IHigh Pressure and Synchrotron Radiation Physics Division,
Bhabha Atomic Research Centre, Trombay, Mumbai - 400085, India

2Department of Earth Sciences, University College London, Gower Street, London,
WC1E 6BT, United Kingdom

Abstract

A unique phase, belonging to an orthorhombic crystal system (Pbca, Z = 8), is proposed
in AIOOH using crystal structure searches based on an evolutionary genetic algorithm
method combined with density functional theory. This phase features a nonlinear
asymmetric doubly-covalent hydrogen-bond and metal cations that are six-fold oxygen
coordinated. Unlike the earlier proposed monoclinic phase, the stability region of Pbca
(166-189 GPa) lies well below the pressure of decomposition to Al,03+ice X (287 GPa).
In GaOOH the Pbca-type phase is not energetically favourable at any pressure. In the
course of evaluating the breakdown of GaOOH to its constituent oxides, we have found a
new phase of Ga;03 (UzS3-type). In InOOH, Pbca is energetically favourable over a
narrow pressure interval (12-17 GPa). Also in InOOH, we find a new tetragonal
structure (P42,m, Z = 4) stable above 51 GPa. This phase has nonlinear asymmetric
hydrogen-bonds and metal cations that are seven-fold oxygen coordinated. Phonon
calculations confirm the vibrational stability of the new phases and show that the high
pressure polymorphs of AIOOH are likely to be important carriers of water into the deep

lower mantles of Earth and rocky super-Earths.



INTRODUCTION

Hydrogen is an important component of the solid Earth, where even in small
concentrations it can have a major effect on physical properties including the melting
temperature, rheology, and seismic wave velocities (Williams and Hemley 2001). The
hydrogen contained in minerals is an important part of the long term water cycle: there
may be more hydrogen bound in the mantle than there is in the surface ocean.
Hydrogen bound in minerals is likely to be an important part of the water cycle on rocky
exoplanets as well, including super-Earths (Tikoo and Elkins-Tanton, 2017).

Despite its importance, our knowledge of where hydrogen is stored throughout
most of the pressure range of planetary mantles is still very limited, particularly at
conditions of the Earth’s lower mantle (24-136GPa; 1000-4000 K) and beyond: the
mantle of a 2 Earth-mass super-Earth may extend to 270 GPa (Stixrude 2014). A key
question is whether hydrous minerals: minerals in which hydrogen is present in
stoichiometric quantities, rather than merely as defects, can be stable in the deep
interiors of rocky planets.

The AIOOH component appears to be essential for stabilizing hydrous phases at
lower mantle conditions. The stability field of phase H is much wider in the Mg0-SiO--
Al>03-H20 (MASH) system than in the MSH system and encompasses the ambient lower
mantle geotherm up to the pressure of the core-mantle boundary (Nishi et al., 2014;
Walter et al,, 2015). In contrast, the stability fields of hydrous phases in the MgO-SiO»-
H20 system found so far are limited and none are stable at conditions of the ambient
lower mantle (Nishi et al., 2014; Walter et al., 2015). The greater stability of phase H in
aluminous systems has a structural origin. Phase H has composition MgSi(OOH); and a
structure commensurate with that of the §-phase of AIOOH. In aluminous systems,

phase H is found to consist of a near complete solid solution between these two end-



members. The alumina content of phase H in a typical mantle bulk composition is
estimated to be 40 % (Walter et al.,, 2015).The §-AlIOOH phase is also commensurate
with the post-stishovite CaClz-type phase of silica with which it may form a solid
solution (Panero and Stixrude, 2004) that could be an important hydrous phase in more
silica-rich compositions such as subducted oceanic crust. Studies of the AIOOH solid
solutions are limited to the pressure range of Earth’s mantle and their stability at the
high pressure-temperature conditions expected in deep super-Earth mantles is
unknown.

Because of its crucial role in stabilizing hydrous phases in the lower mantle and
the structural relationship with the H phase and CaCl;-type silica, end-member AIOOH
serves as an ideal model system for understanding the nature of hydrous phases that
may occur in Earth’s mantle and super-Earth mantles. Experimentally, the only known
high pressure phase is §-AIOOH (P21nm, Z = 2), first synthesized at 21 GPa and 1000 °C
(Suzuki et al. 2000), and subsequently observed up to 120 GPa (Sano et al. 2008). The
phase has a wide temperature stability field up to conditions comparable to those
present in Earth’s mantle (2000 K at 70 GPa). The §-phase also serves as a paradigm for
the fundamental changes to hydrogen bonding that occur at high pressure: on
compression the hydrogen bond symmetrises, raising the symmetry to Pnnm and
producing large anomalies in elastic and vibrational properties (Tunega et al. 2011;
Cedillo et al. 2016)). The stability field, symmetrisation, and physical properties of this
phase have been the subject of numerous studies (Tsuchiya et al. 2002; Tsuchiya et al.
2004; Panero and Stixrude 2004; Li et al. 2006; Tsuchiya et al. 2008a; Furukawa et al.
2008; Kuribayashi et al. 2014; Duan et al. 2018).

Recently two groups examined the structure of AIOOH at much higher pressure

using first-principles density functional calculations (Tsuchiya and Tsuchiya 2011;



Zhong et al. 2016). These studies found two mechanically stable high pressure
structures: pyrite-type (Pa3, Z = 4) at 170 GPa (Tsuchiya and Tsuchiya 2011), and a
monoclinic structure (P21/c, Z = 4) at 340 GPa (Zhong et al. 2016). This latter phase
however is not energetically favourable at any pressure as AIOOH decomposes to its
constituent oxides: CalrOs-type Al203 (Cmcm, Z = 4) (Umemoto and Wentzcovitch 2008)
and ice X (Pn3m, Z = 2) at ~300 GPa (Caracas 2008).

As the predicted new phases are only stable at pressures much higher than those
accessible to most experiments, we gain additional insight into the behaviour of AIOOH
by examining homologues (Neuhaus 1964). Indeed recent studies have found that
AIOOH, GaOOH and InOOH exhibit the same sequence of structural transitions at
elevated pressures and transition pressures of the GaOOH and InOOH were found to be
lower than those of the AIOOH(Tsuchiya and Tsuchiya 2011; Zhong et al. 2016).
Calculated pressures for the decomposition also follow the homologous rule (Zhong et
al. 2016).

Here we perform extensive first-principles crystal structure searches in AIOOH,
GaOOH, and InOOH over a wide pressure range, revealing new phases. Our results allow
us to examine the sequence of phase transitions previously proposed in these systems,
and to further test the idea that GaOOH and InOOH may serve as homologues for the

behaviour of AIOOH.

METHODOLOGY
Crystal structure searches are performed at 0 (1, 2, 4, 8 formula units), 50 (1, 2, 4
formula units), 100 (1, 2, 4 formula units), 150 (1, 2, 4, 6, 8 formula units), 250 (1, 2, 4, 8
formula units) and 300 GPa (1, 2, 4 formula units) for AIOOH using the USPEX code in

combination with VASP (Oganov et al. 2006; Lyakhov et al. 2013; Oganov et al. 2011;



Kresse and Hafner 1994; Blochl 1994; Kresse and Furthmuller 1996; Kresse and Joubert
1999). Additional structural searches are performed for GaOOH and InOOH at 175 GPa
(1, 2, 4, formula units) and 50 GPa (1, 2, 4 formula units), respectively. The first
generation in crystal structure searches is prepared randomly at fixed density, and
structures are subsequently optimized at the desired pressure. The initial population is
taken to be 10-90 depending upon the total number of atoms in the simulation cell.
Normally the crystal structure searches are run up to 10-20 generations. Previously this
methodology has been successfully used to predict and solve the crystal structures of a
large number of systems under diverse pressure conditions (e.g., Oganov and Ono 2004;
Verma et al. 2017; Modak and Verma 2017; Patel et al. 2017).

In crystal structure searches the plane-wave basis set is constructed using a 500
eV energy cutoff and the Brillouin zone is sampled using Monkhorst-Pack method
(Monkhorst and Pack 1976) with a grid spacing of 2 x 0.06 A-1 For re-optimization of
the lowest energy structures, the plane-wave basis set energy cutoff is increased to 600
eV and reciprocal space integration is done with a finer grid spacing of 2 x 0.03 A1,
Atomic positions are relaxed until the forces become smaller than 2.0 meVA-L The
chosen computational parameters insure the convergence of total energies better than
1.0 meV per atom. The crystal structure searches are performed using GGA (Perdew et
al. 1996), while we have used both GGA and LDA (Perdew and Zunger 1982) to further
investigate the physical properties of the phases that we have found. All electron frozen-
core projector-augmented wave (PAW) potentials are used with Al (3s2, 3p1), Ga (3d19,
4s2, 4p1), In (4d19, 5s2, 5p1), O (2s2, 2p*) and H (1s1) valence configurations. These
potentials have cutoff radii of 1.9 (Al), 2.3 (Ga), 2.5 (In), 1.52 (O) and 1.1 (H) atomic
units (a. u.). Some of the highest pressure results of AIOOH and GaOOH are verified with
still harder PAW potentials (1200 eV cutoff). Phonon calculations are performed using
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the supercell method as implemented in the PHON code (Alfe 2009). A 1 x 2 x 2
supercell is used for Pbca-type AIOOH (at 180 GPa) and a 2 x 2 x 2 supercell is used for
P42, m-type InOOH (at 60 GPa). Additional phonons are calculated for Pnnm and Pa3
phases of AIOOH using 2 x 2 x 4 and 2 x 2 x 2 supercells, respectively.

We also use phonon calculations to compute the influence of temperature on the
phase transition boundaries. The Helmholtz free energy

F(V,T) = Estaric(V) + Eo(V) + Fry (V, T) (1)
where Esuaricis the total energy from our static calculations, Ej is the zero point energy
and Fru(V,T) is the thermal contribution arising from phonon excitations. Phase
boundaries are defined by equality of the Gibbs free energy, G, of the two phases and the
Legendre transform

G=F+PV (2)
where the pressure P = —(dF /dV).

RESULTS
(a) AIOOH

Crystal structure searches yield all known crystal structures for AIOOH. Enthalpy-
pressure relations for the most stable structures are plotted in Fig. 1. GGA calculations
fail to reproduce the diaspore phase (Pbnm, Z = 4) as the ground state structure, while
LDA correctly recovers the ground state, in agreement with previous works (e.g., Cedillo
et al. 2016; Tsuchiya and Tsuchiya 2011; Friedrich et al. 2007). Although LDA correctly
predicts the ground state structure, it fails to predict the subsequent phase transitions
correctly. Also in LDA calculations the d-phase (P2inm, Z = 2) always relaxes to the
hydrogen-bond symmetrized Pnnm structure at positive pressures. GGA predicts the
diaspore to 8-AIOOH phase transition correctly (Table I), so at elevated pressures GGA
results are more accurate than LDA. Interestingly the earlier proposed boehmite
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structure (Cmc21, Z = 4) (Tunega et al. 2011) has slightly higher enthalpy than a trigonal
structure (R3m, Z = 3) in LDA calculations; this trigonal structure is also mechanically
stable in GGA, although it is never more stable than Cmc21. Note that the enthalpy of the
experimentally proposed structure (Cmcm, Z = 4) lies above the energy-range of plots.
Notably the relaxed Cmcm structure has symmetrised hydrogen-bonds in GGA and LDA.
The edge-sharing AlOs octahedra of R3m are arranged in (001) plane and these layers
are joined together by hydrogen-bonds along c direction.

At 166 (159) GPa, GGA (LDA) calculations show the transformation of the -
phase (Pnnm) to a new orthorhombic phase (Pbca, Z = 8). This is the first proposed
structure in this family of compounds which has eight-formula units in the primitive
cell. The Pbca phase is stable from 166 GPa to 189 GPa, where it transforms to the
pyrite structure. Thus the stability field of Pbca lies well below the pressure of
decomposition to oxides, which has been found in previous studies to be 295 GPa
(Zhong et al. 2016) and 300GPa (Tsuchiya and Tsuchiya 2011). Similar to the Pnnm and
Pa3 phases, the Pbca phase has six-fold oxygen coordinated aluminium cations (Fig. 2).
The linear symmetric hydrogen-bond configuration of the Pnnm phase changes to a
nonlinear asymmetric configuration in Pbca. At 170 GPa, GGA (LDA) ZOHO is 166°
(169°) and the hydrogen-bond lengths are 1.08 (1.09) and 1.15 (1.15) A. GGA (LDA)
Al-0 bond-lengths are spread over 1.73 (1.69)— 1.74 (1.72) A. Detailed structural
information is presented in Table II. For comparison, at 170 GPa, in the Pa3 phase the
hydrogen-bond length is 1.11 A and the Al-0 bond-lengths are 1.73 A in GGA. Both 0O-H
bond lengths in the Pbca phase decrease with pressure, like doubly-covalent symmetric
hydrogen bonds (Fig. 3) (Sikka and Sharma 2008). At 170 GPa, the GGA band-gap, 10.84

eV, of this phase is slightly bigger than the Pa3 phase, 10.73 eV.



We may compare the new Pbca structure to that of seifertite-type AIOOH (Pbcn, Z
= 4), which is not energetically favourable, but is mechanically stable. This is an
intriguing comparison because of the parallels between the phase transformations in
AlOOH and SiO; via Si** — Al3* + H* substitution (e.g., Panero and Stixrude 2004;
Tsuchiya and Tsuchiya 2011; Karki et al. 1997; Martonak et al. 2006). The sequence of
AlOOH polymorphs: §-phase, Pbca, and pyrite is very similar to that seen in SiO2: CaClz-
type structure (identical to the anhydrous sub-lattice of the 5-phase), seifertite, and
pyrite. Thus the Pbca phase in AIOOH takes the place of the seifertite phase in SiO2. The
enthalpy of seifertite-type AIOOH is nearly parallel to that of the Pnnm phase, and, like
the Pnnm phase, has symmetric hydrogen bonds. This marks a crucial difference with
the Pbca phase, which has asymmetric hydrogen bonding.

Also, unlike the seifertite structure in which cations form zigzag chains of edge-
shared octahedra, the Pbca phase has only pairs of edge-shared octahedra. In the Pbca
phase, anions form a chain-like pattern in the (010) plane (Fig. 2). Thus Pbca differs
from earlier proposed structures of SiOz which consist of chains of edge-shared SiO¢
octahedra with oxygen atoms arranged in a hexagonal-close-pack array (Teter et al.
1998).

Both LDA and GGA cell parameters and pressure-volume relations agree fairly
well with experiment (Figs. 4 & 5). The equation of state of Pbca phase lies between that
of Pnnm and Pa3 phases. Upon the Pnnm to Pbca phase transformation there is a 1.58%
(1.66) volume drop in GGA (LDA) calculations. The Pbca to Pa3 phase transition leads
to a volume drop of ~0.70% (0.66). Dynamical stability is assessed by calculating the
phonon dispersion relations and their density of states: the absence of imaginary

phonon frequencies establishes the dynamic stability of the Pbca-type phase (Fig. 6).



We combine static calculations with phonon calculations to determine the AIOOH
phase diagram (Fig.7). Each of the high pressure phase transitions (6 to Pbca, Pbca to
pyrite, and pyrite to oxides) shows a slightly negative Clapeyron slope, with the
pressure of the transition decreasing slightly with increasing temperature in the range
0-4000 K.

We use our results to estimate the high temperature stability limit of AIOOH to
pressures beyond those of the highest pressure experiments (80 GPa, Sano et al., 2008).

The curve must join the triple point:
AlOOH (pyrite) = Al>03 (CalrO3) + Ice SI = Al>03 (CalrO3) + Ice X (3)

Because the CalrOz phase of Al;03 appears twice in Eq. (3), the triple point is the
intersection of the AIOOH (pyrite) = Al203 (CalrOs) + Ice X curve and the Ice X = Ice SI
curve, where Ice SI indicates the superionic form of ice. The Ice X = Ice SI curve (Kimura
et al,, 2014) intersects the AIOOH (pyrite) = Al203 (CalrOs) + Ice X curve at 1790 K and
290 GPa. We have fit a smooth curve through our estimated triple point and the
experimental data of Sano et al. (2008) yielding the following equation for thermal

stability limit of AIOOH, valid from 17 GPa to the triple point:

T=T, (1 + %P)b exp (— ATP) (4)

with Ty = 1350 K, AP = P — 17GPa, a = 82 GPa, b = 1.95, ¢ = 106 GPa, and we have used
the form suggested by Kechin et al. (2001). In drawing this curve we have assumed,

following the analysis of Millot et al. (2018) that the measurements of Kimura et al.



(2014) detect the Ice X to superionic ice transition. We have also assumed that AIOOH
breaks down to Al;03 + superionic ice at pressure greater than 80 GPa, where the
AlOOH dehydration curve of Sano et al. (2008) intersects the superionic ice to H20 fluid
transition of Millot et al. (2018). Our analysis assumes that AIOOH does not transform to
a superionic form at high temperature, which our results cannot rule out, and for which
there is currently no evidence in the literature. Zhong et al. (2016) speculated that
superionic AIOOH may be stabilized at high temperature, in which case the effect on the
phase diagram would likely be to expand the AIOOH stability field to higher
temperature.
(b) GaOOH

The high-pressure structural behaviour of GaOOH differs significantly from that
of AIOOH, violating the homologous rule. The orthorhombic Pbca-type structure never
becomes energetically favourable in GaOOH (Fig.8). The monoclinic P21/c-type phase
also never becomes energetically favourable at elevated pressures, unlike the results of
an earlier study (Zhong et al. 2016). Instead, we find that GaOOH decomposes directly
from the pyrite-type structure to its constituent oxides: Ga;03 (U2S3-type, Pnma, Z = 4)
and ice (Pn3m, Z = 2) at 240GPa (GGA).

To better understand the discrepancy between our results and those of (Zhong et
al. 2016), we focus on the pressure of the (metastable) Pa3 to P2:/c phase transition
and the role of the Ga PAW potential. Whereas we find the transition to occur at 243
GPa, Ref. (Zhong et al. 2016) finds the transition at a much lower pressure (170.5 GPa).
We attribute this difference to the fact that we have used a harder Ga PAW potential,
with Ree=2.3 a.u. as compared with (Zhong et al. 2016) who used a Ga PAW potential
with Rew=2.6 a.u. To test this explanation, we have repeated our calculations with the

softer Ga PAW potential. Indeed, we find the Pa3 to P21/c transition pressure to occur
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at 171.6 GPa using the softer potential, in perfect agreement with the result of (Zhong et
al. 2016). Moreover, with the softer PAW potential, we also find, as did (Zhong et al.
2016), that GaOOH never breaks down to constituent oxides, with the enthalpy curve of
GaOOH becoming ever more favourable with respect to Ga;03+ice with increasing
pressure. We have further checked our results against an even harder set of PAW
potentials with: Reye= 1.9 a.u. (Ga), 1.1 (0), and 0.8 a.u. (H), and find the transition again
to occur at 243 GPa.

Another difference from the earlier study (Zhong et al. 2016) is that we find a
new stable structure of Ga>03 (Fig. 9). Whereas the previous study assumed the CalrOs-
type structure for Ga;03, we find, as the result of extensive structural optimizations, that
the U,S3-type structure is more stable. Thus, we predict a new phase transformation in
Gaz03 at 200 GPa from CalrOs- to U;Ssz-type structure. The U;S3-type structure was
proposed to stabilize in Al;03 at 370 GPa in earlier work (Umemoto and Wentzcovitch

2008).

(c) InOOH

The sequence of high pressure phase transformations in InOOH differs from that
in AIOOH and GaOOH (Fig. 10). As in the case of AIOOH, GGA and LDA calculations show
different behaviour in low-pressure region, 0-25 GPa. At zero pressure LDA produces
the correct ground state phase (Pnnm) whereas GGA wrongly predicts diaspore as the
ground state. GGA results are in accordance with earlier calculations (Tsuchiya et al.
2008b).

In GGA calculations, the orthorhombic Pbca-type phase becomes energetically
favourable over a narrow pressure interval (12.4 - 17.3 GPa), whereas in LDA

calculations this phase never stabilizes. The difference between GGA and LDA
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predictions for this phase transition is consistent with a widely recognized trend: LDA
and GGA usually underestimate and overestimate phase transition pressures,
respectively (e.g., Modak and Verma 2011; Yusa et al. 2008). Further increase in
pressure stabilizes a new tetragonal structure (P42,m, Z = 4) at ~ 51 (47) GPa in GGA
(LDA). This is the first proposed tetragonal structure in this entire family of MOOH
compounds. Note that the monoclinic P21/c-type structure never becomes energetically
superior to the tetragonal structure upto 100 GPa. The tetragonal phase has asymmetric
nonlinear hydrogen-bonds (1.01, 1.49 A and ZOHO = 178.3°) and the metal cation is
seven-fold oxygen coordinated (Fig. 2) with In-O bond-lengths varies from 2.05 — 2.23 A
at 60 GPa in GGA. In this phase edge- and face-shared InO7polyhedra form a chain-like
pattern (Fig. 2). Note that the monoclinic P21/c structure also has seven-fold oxygen
coordinated cations (edge-share) and nonlinear asymmetric hydrogen-bonds. There is a
3.2 (3.9) % volume drop upon the transition to the tetragonal phase in GGA (LDA)
calculations (Fig. 11).The GGA electronic band-gap of tetragonal phase, 3.05 eV, is
slightly smaller than that of thePa3 phase, 3.28 eV, at 60 GPa. The vibrational stability of
the tetragonal phase is confirmed by phonon calculations (Fig. 12). Our results are
consistent with experiments: Ref. (Sano et al. 2008b) made measurements between 14
and 30 GPa, finding the pyrite structure to be stable over this range of pressure, as
compared with our pyrite stability field: 17.3-50 GPa. As measurements were not
conducted betweenO and 14 GPa, it is possible that this experiment missed the Pbca
phase, which we predict to be stable up to 17.3 GPa. We find that tetragonal InOOH
decomposes into In203 (o-Gd2S3-type, Pnma, Z = 4) and ice X at ~78GPa in GGA. In
earlier calculations monoclinic InOOH decomposes into In;03 (a-GdS3-type, Pnma, Z =

4) and ice X at 77 GPa in GGA (Zhong et al. 2016).
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DISCUSSION

Our predictions are amenable to experimental tests with current capabilities.
For example, our predicted Pbca stability field in AIOOH (166-189 GPa) lies just beyond
the range of the previous highest pressure study in this system (134 GPa) (Sano et al.
2008a), and well within the range previously explored in other low atomic number
systems (e.g., Sakai et al. 2016). In the case of InOOH, our predicted Pbca stability field
lies within the pressure regime of existing measurements, and we suggest that the
previous experimental study may have skipped over the Pbca stability field and into
that of the next higher pressure polymorph (pyrite-type). A more thorough
examination in the pressure range 0-17 GPa is thus warranted in the InOOH system.
Moreover, in InOOH, we predict another new phase (P42,m) stabilized at modest
pressures (51 GPa), well within current experimental capability.

Our results show the limitations of the homologous rule. The high-pressure
sequence of phase transformations in AIOOH (6 — Pbca — Pa3 - oxides), GaOOH
(6 » Pa3 - oxides), and InOOH (§ - Pbca - Pa3 - P42,m - oxides) are all different.
As the homologous rule is rationalized in terms of ionic radius, we attribute the
breakdown of homology to variations in the ionicity and bonding with increasing atomic
number and pressure. Indeed, a previous study has shown that the Bader charges on
the M cation decrease monotonically with increasing atomic number in the MOOH
series (Zhong et al. 2016). Moreover, the band structure of GaOOH and InOOH (Zhong
et al. 2016) both show significant hybridization between the O 2p states and d-states
that are absent in AIOOH. In detail, while variations in ionicity and hybridization explain
the breakdown of homology, they cannot account in any simple way for various trends
in phase transformation sequences across the series, highlighting the importance of full

electronic structure calculations of energetics as we have done: for example the
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appearance of Pbca in the lightest and heaviest compounds (AIOOH and InOOH) and its
absence in the intermediate compound (GaOOH).

Hydrogen bonding in the Pbca phase differs from that of many high pressure
hydrous oxides and silicates in that the hydrogen bond is doubly-covalent (0-H-0), yet
asymmetric. In many systems, an asymmetric O-H...O hydrogen bond is stable at low
pressure, and as pressure increases, this hydrogen bond eventually becomes
symmetric: O-H-O, with two equal O-H bond lengths and a linear geometry, as in the
P2inm-Pnnm transition of the §-phase of AIOOH (Tsuchiya 2002), the Ice VII-Ice X
transition in H20 (Goncharov et al. 1996), and phase D (Tsuchiya et al.2005). The
symmetric hydrogen bond also differs from the asymmetric hydrogen bond in the
pressure dependence of the bond lengths: whereas in the typical asymmetric hydrogen
bond the O-H bond expands and the H..O bond contracts on compression, in the
symmetrically bonded case, both O-H bonds contract equally on compression. In
contrast, the hydrogen bond in Pbca is asymmetric, yet both O-H bonds contract on
compression. Moreover, the hydrogen bond in Pbca is non-linear.

The MOOH family highlights an important limitation of crystal structure
searches. Because the size of configuration space grows exponentially with the size of
the unit cell, in practice searches must place a limit on the maximum size of the unit cell
to be considered. This limitation means that it is possible to miss energetically
favourable crystal structures with unit cells that are larger than the practical maximum
size. Whereas previous studies had considered unit cells up to Z= 4, we have found a
new structure with Z= 8: the Pbca phase, which has a predicted GGA stability field in

AlOOH, and InOOH, although not in GaOOH.

IMPLICATIONS
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The phase diagram (Fig. 7) shows that the polymorphs of AIOOH are stable over
a wide range of pressure-temperature conditions expected to occur in Earth and super-
Earth mantles. AIOOH is therefore likely to be an important component of hydrous
phases in super-Earths as it is in Earth’s mantle where it forms the major lower mantle
hydrous phase in solid solution with MgSi(OOH)..

Cold downwellings lie within the stability field of AIOOH down to the bottom of
rocky planetary mantles with masses up to twice that of Earth. The high pressure
polymorphs of AIOOH are therefore likely to be important carrier of water into deep
telluric mantles. As downwellings warm to ambient mantle temperature, or descend to
even greater depths as could occur in super-Earths more than twice as massive as Earth,
AlOOH breaks down to a solid phase assemblage of Al;03 and superionic ice. The high
pressure polymorphs that we find therefore do not dehydrate in deep terrestrial
mantles (P>80 GPa): no fluid phase is produced and water remains bound in solid
phases.

Our results show the importance of understanding the solid solution between
AlOOH and MgSi oxi-hydroxide components at deep lower mantle conditions (Nishi et
al., 2014, Walter et al,, 2015). In telluric planetary mantles, AIOOH is likely to contain
significant amounts Mg and Si in solid solution in the form of the MgSi(OOH):
component. Experimental results to date show that end-member MgSi(OOH): is cation
disordered and has the same space group as AIOOH with symmetric hydrogen bonds
(Pnnm), thus rationalizing the observed solid solution (Bindi et al., 2014, Am. Min.).
Experiments on MgSi(OOH); and solid solutions with AIOOH do not extend beyond 120
GPa (Nishi et al, 2014; Bindi et al, 2014, Am. Min.). The stabilization of the new

orthorhombic phase of AIOOH at deep mantle conditions raises the possibility of new
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stable phases in MgSi(OOH); and on the AIOOH-MgSi(OOH);join that may be important

in super-Earth mantles or near the base of Earth’s mantle.
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Figure 1: Static enthalpies of different structures of AIOOH relative to Pnnm (upper
panel) and Pa3 (lower panel) phases. All enthalpies are given per formula units of

AlOOH. Al;03+ ice enthalpy data is taken from Ref. (Zhong et al. 2016).
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Figure2: Crystal structures of AIOOH and InOOH. Here red, faroese and orange colour
balls represent hydrogen, oxygen and metal atoms, respectively. Al and O atoms that
participate in edge-sharing arrangement of polyhedra are connected by grey rods (right
panel). In atoms that participate in edge- and face-sharing arrangement of polyhedra
are connected by grey rods (middle picture).dn and O atoms in face-sharing
arrangement of polyhedra are shown connected by grey rods (right picture). These

figures are rendered using VESTA software (Momma and Izumi 2008).
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Figure 3: Relationship between Roo and Ron for different phases of AIOOH along with

P42, m phase of InOOH.
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Figure 4: Pressure variation of lattice parameters of a-AIOOH (Pbnm, Z = 4) (upper
panel) and Pbca-type AIOOH (lower panel). Filled symbols represent the experimental

data (Mao et al. 1994).
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Figure 5: Pressure-volume equation-of-states of different structures in low-pressure
region (upper panel). Lower panel shows the equation-of-states data of Pnnm, Pbca and
Pa3 structures in high-pressure region. Here volumes are given per formula unit of
AlOOH. Filled triangles and diamonds represent the experimental data of a- and o-
AlOOH phases, respectively (Mao el al. 1994; Vanpeteghem et al. 2002). Filled inverted
triangles show boehmite experimental data (Zhou et al. 2017).Curved arrows indicate

volume drop on transition.
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Figure 6: GGA phonon dispersion (left) and density of states (right) of Pbca-type AIOOH at

180 GPa.
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Figure 7: Phase diagram of AIOOH, showing phase boundaries among the stable
crystalline structures found in our study and the decomposition to oxides from previous
study (Zhong et al. 2016) (thin black lines). Also shown for comparison is the high
temperature stability limit of AIOOH: bold solid black line over the range of
experimental measurement (Sano et al. 2008a) and our estimated extrapolation (bold
dashed black line) (Eq. 4); and the experimental dehydration boundary in the MgO-
Al>03-Si02-H20 system (Walter et al., 2015) (thin dashed black line). We also indicate a
range of probable temperature distributions in rocky planets, corresponding to the
mean temperature profile (Stixrude 2014) (upper curve: 1500 K adiabat) and the
temperature profile in cool, downwelling regions (lower curve: 1000 K adiabat).

Adiabats are from Ref. (Stixrude and Lithgow-Bertelloni 2011).
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Figure 8: Static enthalpies of different structures of GaOOH relative to Pnnm (upper
panel) and Pa3 (lower panel) structures. In LDA structural optimization, P2inm
structure relaxes to Pnnm between 5-10 GPa. All enthalpies are given per formula units

of GaOOH.
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Figure 9: Static enthalpies of different structures of Ga03 relative to Rh203-1I. All

enthalpies are given per formula units of Gaz0s.
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Figure 10: Static enthalpies of different structures of InOOH relative to Pnnm (upper

panel) and Pa3 (lower panel) phases. In LDA structural optimization, P21nm structure

relaxes to Pnnm between 0-5 GPa. All enthalpies are given per formula units of InOOH.

AH (meV)

130

130

400

200

-200

-400

10 15
Pressure (GPa)

| e L

H
o

Pressure (GPa)

130

-130

33

400 F—

i In,O,+lce \
-400 15 1 | L | L | Il | 1 ! 1

0 5 10 15 20 25
Pressure (GPa)

=3
0O |
o]
E
—
o
>

14/mem

40 50 60 70 80 90 1
Pressure (GPa)



Figure 11: Lattice parameters (upper panel) and equation-of-states (lower panel) of

Pa3and P42,m phases in relevant pressure region. Here volumes are given per formula

unit of InOOH.
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Figure 12: GGA phonon dispersion (left) and density of states (right) of P42, m type

InOOH at 60 GPa.
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Table I: Pressure at which each phase first becomes stable in the three systems
considered according to our GGA calculations. Dashes indicate that the phase has no
stability field at static conditions. Italics indicates the phase is everywhere less stable
than the component oxides: M;03+H20 (M=Al, Ga, In). Experimental values (where
available) in parentheses. The change in symmetry upon H-bond symmetrisation is

indicated for the 6 phase.

Name SG SG no. Z AlIOOH | GaOOH InOOH
) P2inm—Pnnm | 31558 | 22 | 17.1(17) | 9.3(8.5)> | 1.3(0)c

New Pbca 61 8 165.7 - 12.4
orthorhombic

phase

Pyrite Pa3 205 4 189.1 61.8 17.3(14)d

Monoclinic P21/c 14 4 341.4 243.0 -

New tetragonal P42,m 113 4 - - 50.8

phase

aQhtani et al. (2001)
bNikolae et al. (2008)
cChristensen et al. (1964)

dSano et al. (2008b)
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Table II: Crystallographic data of newly proposed structures as obtained in GGA

calculations.
P (GPa) | Lattice parameters (A) Atomic coordinates
AlOOH a=8.3561 Al (8¢):0.63350 0.50710 0.13820
b=4.1928 01 (8¢):0.19200 0.34960 0.01710
Pbca 180 c=4.3139 02 (8c¢):0.55240 0.84190 0.29950
H (8¢):0.89390 0.50350 0.13410
InOOH a=10.5183 In (8¢): 0.63429 0.49934 0.66606
Pbca 15 b=5.2393 01 (8c): 0.18625 0.36943 0.47282
c=5.3459 02 (8c¢): 0.56047 0.86024 0.80563
H (8c): 0.89058 0.48489 0.67787
InOOH a=4.9853 In (4€): 0.29049 0.79049 0.21637
60 b=4.9853 01 (4€): 0.19138 0.69138 0.61417
P42,m c=4.8393 02 (2a): 0.00000 0.00000 0.00000
02 (2¢): 0.00000 0.50000 0.12969
H (4€):0.31513 0.81513 0.72119
a=6.9377 Gal (4c¢): 0.98374 0.25000 0.30999
Gaz0; 225 b=2.5088 Ga2 (4c): 0.30584 0.25000 0.40922
(U2S3-type) ¢=6.9593 01 (4c): 0.22293 0.25000 0.20001
Pnma 02 (4c): 0.05281 0.25000 0.87553

03 (4c): 0.38300 0.25000 0.94202
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