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Abstract
We report variable temperature X-ray diffraction (20 K < T < 295 K) and Raman scattering  

(90 K < T < 400 K) data of malayaite, the tin analog of the mineral titanite, aided by results from 
density functional perturbation theory. The phase transition from the normal to the incommensurately 
modulated crystal structure occurs at Tc = 50 ± 2 K with an almost constant q-vector of 0.27b*. Some 
first order satellite diffraction maxima are observable up to 55 K, where they increasingly broaden 
toward the main reflections. Softening of the lowest frequency transverse optical Bg phonon mode, 
dominated by antiparallel motion of Ca atoms, is observed on cooling from 400 to 90 K. This confirms 
the displacive character of the transition to the modulated structure, indicated by the instability of this 
phonon mode in the zero-temperature approximation of first principle computation. The transition to 
the incommensurately modulated phase is preceded by a temperature region of anomalous thermal 
expansion in the normal phase, marked by negative thermal expansion along [010] and consequently 
a change from hardening to softening phonon modes on cooling below 150 K. The modulated phase 
of malayaite highlights the potential of density functional perturbation theory for the discovery of 
hitherto unknown ground state structures of minerals.
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Introduction
The fact that crystal structures of minerals can spontane-

ously change at critical temperatures or pressures is of crucial 
importance for their physical properties and for the formation of 
characteristic microstructures. In the process of such displacive 
phase transitions, commonly the temperature induced motion  
of atoms, described by the superposition of phonon modes, is 
partially frozen in. This results in static displacements of atoms 
away from their average position in the parent phase. It is less 
well known that the soft phonon modes responsible for displacive 
phase transitions may generate a distorted phase that destroys the 
periodicity of the crystal structure in three-dimensional space, 
giving rise to an aperiodic (or incommensurately modulated) 
crystal structure. Such a case is presented in the following paper.

Malayaite is the tin analog of the common accessory mineral 
titanite, CaTiSiO5 (Takenouchi 1971; Higgins and Ribbe 1977). 
The titanite crystal structure of the general formula AMO′TO4 
consists of parallel and kinked chains of corner-sharing, distorted 
MO6 octahedra, laterally connected via isolated TO4 tetrahedra. 
The resulting heteropolyhedral framework is charge balanced by 
A-cations occupying its voids. While A = Ca, M = Sn, and T = 
Si in malayaite, many other cation combinations are known to 
form the titanite framework. Among these are the minerals of 
the tilasite (T = As, P, S, V; A = Na, Ca; M = Mg, Al, Ti, Fe3+) 

and amblygonite (T = P; A = Li; M = Al, Fe3+) groups, where 
the chain forming oxygen atom O′ may be substituted by F– or 
(OH)– for charge balance, as well as the kieserite group miner-
als (T = As, P; A = ; M = Mn, Fe, Co, Ni, Al, Zn), where O′ 
belongs to a water molecule and the A-site is vacant.

The titanite aristotype structure has a monoclinic symmetry 
with the space group C2/c, often described in an A2/a-setting 
in the literature. Contrary to malayaite, pure titanite distorts to 
P21/c (P21/a) at temperatures below 493 K (Taylor and Brown 
1976), forming a crystal structure with ordered off-center dis-
placements of the Ti cations (Higgins and Ribbe 1976; Speer 
and Gibbs 1976; Ghose et al. 1991; Salje et al. 1993; Zhang 
et al. 1995; Kek et al. 1997; Hayward et al. 2000; Malcherek 
2001; Malcherek et al. 2001; Malcherek and Fischer 2018). 
Isomorphous phase transitions are observed in several isotypic 
compounds (Malcherek et al. 2004; Malcherek 2007), where 
the phase transition temperature is proportional to the squared 
off-center displacement of d0 transition metal cations Ti, Nb, 
or Ta occupying the M-site. In most natural titanite crystals, 
the macroscopic formation of the ordered titanite structure is 
suppressed, as these crystals invariably contain considerable 
concentrations of Al or Fe replacing Ti (Higgins and Ribbe 1976; 
Oberti et al. 1991), thus diluting the second-order Jahn-Teller dis-
tortion (Kunz and Brown 1995) and pinning antiphase boundary 
domain walls (Van Heurck et al. 1991). Other known distortions 
of the titanite aristotype structure involve transitions to triclinic 
symmetry, accompanied by the splitting of the M-site into two 
symmetrically inequivalent sites. While CaGe2O5 (Aust et al. 
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