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Abstract

We have conducted a powder neutron diffraction study of the distorted rutile-type hydrous phase 
δ-AlOO(D0.74H0.26) at pressures up to 9.2 GPa. Rietveld refinement reveals that the observed diffraction 
data are best fitted by a model with an asymmetric hydrogen bond (space group P21nm). The Al-O2 
bonds of the AlO6 octahedron remain longer than the Al-O1 bonds up to 9.2 GPa, reflecting the fact 
that O2 is the donor and O1 is the acceptor of the hydrogen bond of O2-D···O1. As pressure increases, 
the Al-O1 bond lengths remain almost constant or increase slightly, whereas the longer Al-O2 bonds 
are more compressible. The O···O distance of the shared edge of the octahedron is almost constant 
unlike the other O···O distances that decrease during compression. The bulk modulus of the AlO6 
octahedron is determined to be 197.0(4) GPa, where K' is fixed to 4. The AlO6 octahedron rotates 
about 1° during compression to 9.2 GPa. As pressure increases and the O2···O1 distance decreases, 
the D···O1 bond is shortened, whereas the O2-D bond becomes elongated, with pressure dependencies 
of –1.81(9) × 10–2 Å/GPa and 0.57(8) × 10–2 Å/GPa, respectively, implying the symmetrization of the 
hydrogen bond at high pressure. The decrease in intensity of the 120 reflection as pressure increases 
suggests that the transition from the structure with space group P21nm to that with Pnnm would take 
place in δ-AlOOD at high pressure. This transition could be attributed to the disorder of deuterium or 
symmetrization of the hydrogen bond.
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Introduction

It is widely recognized that the covalently bonded O-H dis-
tance correlates with the O···O distance of the O-H···O hydrogen 
bond geometry in various materials (e.g., Ichikawa 2000). In 
weak hydrogen bond systems consisting of O···O distances longer 
than 2.6 Å, the O-H distance is almost constant within the range 
of 0.95–1.0 Å. On the other hand, the O-H distance increases as 
the O···O distance decreases when the latter is shorter than 2.6 
Å. The O-H distance reaches the straight line of dO-H = 1/2 dOO 
at the minimum O···O distance around 2.4 Å, where hydrogen 
is located at the center between two O atoms. This correlation is 
explained from the standpoint of the proton potential. The proton 
potential has two minima along the O···O line of the O-H···O 
geometry, but hydrogen is localized at one of them, forming 
an asymmetric hydrogen bond in the region of O···O distances 
longer than 2.6 Å. Since the potential barrier is lowered as O 
atoms come closer together, the proton is disordered between 
two potential minima when it can overcome the potential barrier 
by the tunneling effect or thermal vibration. Further decrease of 
the O···O distance turns the double potential well into a single 
minimum, and hydrogen is located at the midpoint between 
two O atoms. Following previous works, the term “symmetric 
hydrogen bond” is used to denote the proton-centered hydrogen 

bond geometry in this paper, although a disordered hydrogen 
bond is also crystallographically symmetric.

Applying pressure to the hydrogen bond also induces the 
decrease of O···O distances and the formation of a strong 
hydrogen bond. After the prediction of symmetrization of the 
hydrogen bond in ice by a theoretical study (Holzapfel 1972), 
many theoretical and experimental studies have been conducted 
to understand the pressure response of the hydrogen bond (e.g., 
Goncharov et al. 1996; Aoki et al. 1996; Benoit et al. 1998; 
Loubeyre et al. 1999; Pruzan et al. 2003). Goncharov et al. 
(1996) provided experimental evidence of symmetrization of the 
hydrogen bond in H2O and D2O ice by an infrared reflectance 
study. They reported the decrease to zero in the frequency of an 
OH-stretching mode of ice VII as pressure is increased to 60 GPa 
in H2O and 70 GPa in D2O. Above these pressures, a new lattice 
vibrational mode appears, which increases in frequency, suggest-
ing the transformation from molecular crystal to atomic crystal. A 
neutron diffraction study is useful because neutrons are sensitive 
to hydrogen. However, pressure-induced symmetrization of the 
hydrogen bond in ice has not been directly observed by a neutron 
diffraction experiment because it requires a large amount of 
sample, which restricts the achievable pressure range.

δ-AlOOH is a high-pressure polymorph of diaspore 
(α-AlOOH) and boehmite (γ-AlOOH) (Suzuki et al. 2000). It 
is isostructural with guyanaite (β-CrOOH), the ICSD structure 
type, which has a distorted rutile-type structure. This hydrous 
phase has a wide stability field under lower mantle conditions, 
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