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Abstract

Experimental high-pressure investigations on benitoite in the diamond-anvil cell reveal a second-
order phase transition at a critical transition pressure Pc = 4.24(3) GPa, as determined from synchrotron 
powder diffraction, single-crystal X‑ray diffraction, and Raman spectroscopy. Diffraction experiments 
indicate a non-isomorphous transition from P6c2 to P31c space-group symmetry with a′ = a√3 and 
c′ = c relative to the P62c subcell below Pc. The high-pressure polymorph is characterized by a larger 
compressibility compared to the compressional behavior of benitoite below Pc. Fitting second-order 
Birch-Murnaghan equations of state to the experimental data sets, the parameters obtained are V0 = 
372.34(4) Å3, K0 = 117.9(7) GPa, with a0 = 6.6387(3) Å, Ka = 108.1(7) GPa, and c0 = 9.7554(4) Å, Kc 
= 143.3(1.1) GPa for the low-pressure form (P < Pc), and V0 = 376.1(4) Å3, K0 = 88.9(1.6) GPa, with 
a0 = 11.516(4) Å, Ka = 95.4(1.8) GPa, and c0 = 9.826(4) Å, Kc = 77.2(1.6) GPa for the high-pressure 
form (P > Pc). One of the most significant structural changes is related to the coordination of Ba atoms, 
changing from an irregular [6+6] coordination to a more regular ninefold. Simultaneously, the Si3O9 
rings are distorted due to no longer being constrained by mirror-plane symmetry, and the Si atoms 
occupy three independent sites. The higher compressibility along the c-axis direction is explained by 
the relative displacement of the Ba position to the Si3O9 rings, which is coupled to the lateral displace-
ment of the non-bridging O2-type atoms of the ring unit. A symmetry mode analysis revealed that 
the transition is induced by the onset of a primary order parameter transforming according to the K6 
irreducible representation of P6c2.
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Introduction

The heterodesmic nature of complex silicate structures 
controls structural stability to a large extent, as well as proper-
ties and the behavior of a mineral subject to varying external 
variables such as pressure and temperature. Steric restrictions, 
as defined by the topology of the strongly bonded units, dictate 
the geometric flexibility of a structure. As a consequence of di-
verse and individual bonding, the majority of pressure-induced 
transitions in silicate minerals is determined by the degree of 
polymerization and the topological arrangement of quasi-rigid 
silicate subunits. On the other hand, units of finite polymeriza-
tion (i.e., in chain-, ring-, and sheet-silicates) reveal additional 
degrees of freedom, as expressed by the less constrained rotation 
or tilting of finite building units. The effects of rotation, tilt-
ing, folding, and equivalent (or occasionally even competing) 
mechanisms are manifested by considerable anomalies in the 
elastic properties, i.e., showing deviations from linear elasticity 
behavior in particular when approaching the critical transition 
point of a structural instability (see e.g., Ullrich et al. 2009, 

2010; Tröster et al. 2002; Carpenter and Salje 1998). Within the 
scope of scanning for high-pressure transitions with pronounced 
elastic-softening effects, silicate structures with three-membered 
(SinO3n)-ring units have been selected as potential candidates 
due to the rotational freedom of the ring units. Among several 
mineral structures, benitoite, BaTiSi3O9, has been in the focus of 
high-pressure crystallographic investigations due to the presence 
of the (Si3O9)6– silicate-ring units.

Although a quite rare mineral species, the cyclosilicate min-
eral has gained importance for the gemstone industry due to the 
well-developed euhedral crystal material occurring at the type 
localities in San Benito County and Fresno County, California 
(Louderback and Blasdale 1907, 1909; Louderback 1909, 1912; 
Alfors et al. 1965; Wise and Gill 1977). The structure of the 
hexagonal crystals (space group P6c2), was solved early by 
Zachariasen (1930) and later confirmed by Fischer (1969). The 
exceptional point symmetry and hence the unusual [6+6]-fold 
coordination of barium atoms suggested a certain structural 
instability and also gave rise to speculations on the true space-
group symmetry (Fischer 1969). Beyond these crystallographic 
studies structure-related investigations focused on trace-element * E-mail: Clivia.Hejny@uibk.ac.at


