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abstract

The structure determination of synthetic LiAlGe2O6 [Z = 4, space group P21/n, a = 9.8892(5), b 
= 8.3929(5), c = 5.3995(3) Å, b = 110.646(3)°], is a new pyroxene structure-type, and represents the 
first structural example of P21/n pyroxene symmetry. The crystal structure of the Ge-analog phase of 
spodumene was solved from single-crystal X-ray diffraction data by classical Patterson methods with 
a subsequent structure refinement converging to R1 = 0.0169. The new P21/n pyroxene polymorph was 
found to consist of a single S-type rotated tetrahedral chain type, which is—similar to ordered P2/n 
omphacite—composed of alternating Ge1O4 and Ge2O4 tetrahedra located at two distinct sites within 
a single chain. This (Ge1Ge2O6)n chain is S-rotated, strongly bent (O4-O2-O4 = 154.8°) compared 
to that of the C2/c spodumene structure, and assumes angles comparable to those of the two chains 
of spodumene at 3.3 GPa within the P21/c symmetry. As a consequence of the interplay between the 
M1 and M2 sites, the new polymorph reveals a larger angular distortion for the AlO6 octahedra, and 
the Li coordination is reduced from sixfold to fivefold coordination. This establishes Li[5]Al[6](Ge1[4]

Ge2[4]O6) as the corresponding crystallochemical formula for the new P21/n representative within the 
monoclinic (clino)pyroxene family.
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introduction

The crystallography of pyroxenes has been in focus for de-
cades due to the importance of the polymorphic transformations 
of the silicate pyroxenes for the planetary geochemistry and 
the geophysics of the Earth’s upper mantle. The first crystal-
lographic studies on the pyroxene structure were a key part of 
the pioneering era of structural crystallography, as exemplified 
by the solution of the C2/c structure of diopside by Warren 
and Bragg (1928). Subsequent investigations soon revealed 
structural polymorphism with archetype symmetries C2/c, 
Pbca in enstatite, Pbcn in protoenstatite, P21/c in pigeonite, 
and clinoenstatite and P2/n in ordered omphacites (see e.g., 
Papike et al. 1973; Cameron and Papike 1981 for a review).

Apart from the distribution of mono-, di-, and tri-valent 
cations on the M1 and M2 sites, the two possible orientations of 
the infinite (SiO3)n silica chains (“S-type” and “O-type,” defined 
by their rotation relative to the bands of edge-sharing M1O6 and 
M2Ox polyhedra) dictate the structural stability of the respective 
polymorphs (see e.g., Yang and Prewitt 2000). Moreover, they 
determine the stacking sequence of close-packed oxygen atoms, 
which leads to hexagonal close packing (hcp) in the case of 
S-type rotation, and to cubic close-packed (ccp) arrays for O-
type rotated chains (Papike et al. 1973; Thompson and Downs 
2004; Thompson et al. 2005). Stability and transformation of 
pyroxene structures and their polymorphic variations at high 

pressures and temperatures are not only related to aspects of 
packing but also to the relative sizes of the cations at the M 
sites, to the electronic structures, and to the stereochemical 
activity, which critically influences the structural stability of 
M2T2O6 phases (e.g., Cameron and Papike 1981; Arlt et al. 
1998; Redhammer and Roth 2004a, 2004b; Nestola et al. 2010; 
Periotto et al. 2011).

The discovery of multiferroic behavior by Jodlauk et al. 
(2007) and distinct magnetic properties have also increased 
the interest in pyroxenes in the field of solid-state physics. 
M+M3+T2O6-type pyroxene-structures have drawn special at-
tention as low-dimensional magnets: in particular NaTiSi2O6, 
which possesses a C2/c ↔ P1 phase transition both at low-
temperature and high-pressure conditions. The exceptional 
monoclinic-to-triclinic symmetry breaking for T < 197 K or P > 
4.4 GPa was found to be associated with the exchange coupling 
between pairs of Ti atoms within the octahedral chain subunit 
(Redhammer et al. 2003; Ullrich et al. 2010).

Due to their relevance in geosciences and material sciences, 
non-silicate analog compounds, in particular M2+M2+Ge2O6 
and M+M3+Ge2O6 germanate pyroxenes, have been the focus 
of intensive systematic studies to understand crystallochemi-
cal trends of structural variations (e.g. Redhammer et al. 
2008, 2009, 2010a, 2010b, 2011, 2012a). As part of our 
ongoing research on pyroxene crystal chemistry, we present 
a full structure determination of the germanate analog of 
spodumene LiAlGe2O6, which was first described by Hahn * E-mail: guenther.redhammer@sbg.ac.at


