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Structure and twinning of tetragonal Ca3Mn2Ge3O12 garnet
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ABSTRACT
Single crystals of tetragonal Ca3Mn2Ge3O12 garnet (space group symmetry I41/a, a = 12.3098(7)
Å, c = 12.3277(9) Å) were characterized by X-ray diffraction and transmission electron microscopy.
Their structure is topologically isosymmetric to tetragonal high-pressure garnets such as majorite,
displaying the same two distinct types of macroscopic twin mechanisms. Twinning occurs as pseudomerohedral ferroelastic twin lamellae with preferred orientation of the twin-domain boundaries
parallel to {101}tet, whereas merohedral ferrobielastic twin domains occur without any orientational
preference. The crystal structure was determined from single-crystal X-ray diffraction data of a
crystal fragment completely free of pseudo-merohedral twin domains. It shows two different JahnTeller distorted MnO6 octahedra, with a different orientation of the axis of polyhedral elongation.
The ordering scheme of these Jahn-Teller distorted octahedra follows in an alternating pattern the
densest rod packing, and the cooperative effect of the electronically induced octahedral distortion
was found to be responsible for the cubic-to-tetragonal symmetry breaking in Ca3Mn2Ge3O12 garnet.
The extent of polyhedral distortion indicates a partially dynamic character of the Jahn-Teller effect.
The distortion of the tetrahedral T2 sites controls the cooperative effect of the lattice strain induced
by the Jahn-Teller distortion of the Mn3+ octahedra and thus is responsible for the overall lower
symmetry.

INTRODUCTION
–
Garnets are known to be generally cubic according to Ia3d
space-group symmetry. Nevertheless, the occurrence of birefringent (Hofmeister et al. 1998) and of non-cubic garnets has
been reported (Deer et al. 1982), e.g., tetragonal symmetry has
been found for the garnet-type structure of the high-pressure
silicates Mg 4Si4 O12 (= majorite; Angel et al. 1989) and
Mn4Si4O12 (Fujino et al. 1986), and analogous germanate compounds (Prewitt and Sleight 1969; Ross et al. 1986). Griffen
and Hatch (1992) developed a model invoking phase transitions from cubic to a lower symmetry to be responsible for the
occurrence of non-cubic garnets. As shown by Heinemann et
al. (1997) for tetragonal majorite-pyrope garnet solid solutions,
a cubic-to-tetragonal phase transition occurs at both high pressures and temperatures, as deduced from symmetry analysis
and the investigation of the twin domain microstructure. An
analogous cubic-to-tetragonal transition has been reported for
Ca3Mn2Ge3O12 (CMG) (Kazei et al. 1977), which occurs, in
contrast to the high-pressure silicate garnets, at ambient pressure thus serving as an analogue for majorite with respect to
the macroscopic properties of the transition. The microscopic
mechanisms and driving forces of the transition certainly are
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different in nature, because order-disorder of Mg and Si on the
octahedral site accounts for the phase transition in majorite
(Angel et al. 1989), which is not a viable mechanism for CMG.
Symmetry breaking in CMG has been attributed to the JahnTeller effect in the MnO6 octahedron (Kazei et al. 1982) but,
because of the lack of a reliable structure investigation, this
has not yet been confirmed beyond doubt. CMG, in particular
its optical properties, has attracted major interest in optical
physics mostly because of the material’s photorefractive effect
below ca. 200 K and the possible technical application for holographic recording (Sugg et al. 1995; 1996). Powder neutron
and X-ray diffraction studies (Plumier 1971; Breuer and Eysel
–
1983) showed CMG to be of apparent cubic Ia3d symmetry. In
contrast, optical investigations on (twinned) single crystals revealed birefringence to occur for temperatures below 516 K
(Gnatchenko et al. 1986). Kazei et al. (1977, 1982) demonstrated by single-crystal X-ray diffraction that the symmetry
changes from cubic to tetragonal at 525K, but investigations
did not include a full crystal-structure determination. The symmetry at room temperature was assumed to be 4/m (Eremenko
et al. 1986; Kharchenko and Bedarev 1993), and space-group
symmetry was reported to be I41/a (Gnatchenko et al. 1986) or
I41/acd (Toledano and Toledano 1987) respectively. Investigations by polarization microscopy (Gnatchenko et al. 1986) and
synchrotron X-ray topography (Graeff et al. 1991) revealed that
the domain walls of the twins are parallel to the former cubic
planes {110}cub and tetragonal planes {110}tet , {011} tet .
Merohedral domains such as observed for tetragonal majorite

