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Temperature and composition dependence of structural phase transitions in Ca(TixZr1–x)OGeO4
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ABSTRACT
The solid solubility of CaTiOGeO4 with CaZrOGeO4 and the structural phase transitions occurring in this solid solution as a function of temperature and composition were examined using in situ
high temperature X-ray powder diffraction. Structural phase transitions were identiÞed based on
the determination of spontaneous strain. The transition P21/a-A2/a, which is typical for titanite and
CaTiOGeO4, was observed in samples with Zr concentrations up to 10%. The addition of Zr destabilizes the ordered P21/a phase and Tc decreases accordingly. The aristotype structure of titanite in
space group symmetry A2/a was observed for intermediate compounds. Compounds with high Zr
contents exhibit a triclinically distorted titanite structure. Their structure was modeled in space group
–
A1. The triclinic structure appears at Zr contents of about 70% with Tc close to ambient temperature.
Further increase of the Zr content stabilizes the triclinic structure and leads to an increase of Tc up to
Tc = 488 K in CaZrOGeO4.

INTRODUCTION
The structure of CaZrOGeO4 has recently been described as
a triclinically distorted titanite structure, which transforms to the
titanite aristotype structure near 488 K (Malcherek and EllemannOlesen 2005). However, in terms of structural phase transitions
the mineral titanite, CaTiOSiO4, is well known for its P21/a-A2/a
phase transition, related to off-centering of the Ti cation within
its octahedral oxygen coordination environment. Details of the
titanite structure and its displacive phase transitions have been
the subject of numerous papers (Speer and Gibbs 1976; Taylor
and Brown 1976; Ghose et al. 1991; Bismayer et al. 1992; Salje
et al. 1993; Kek et al. 1997; Kunz et al. 2000; Malcherek 2001;
Malcherek et al. 2001). Very similar behavior has been observed
for the Ge-analogue, CaTiOGeO4 (Ellemann-Olesen and Malcherek 2005). In these materials the displacive phase transition
is characterized by displacement of the titanium atom from the
center of the [TiO6] octahedron. The ordered low temperature
phase exhibits alternating short and long Ti-O bonds along [100],
with reversed sense of Ti displacement among adjacent octahedral chains. In the macroscopically disordered form (A2/a), Ti is
nominally found at the center of the [TiO6] octahedra. In titanite
true A2/a symmetry is suggested to be attained only at a second
phase transition at about Ti = 825 K, with correlated Ti and Ca
displacements persisting in the intermediate regime (Zhang et al.
1997; Kek et al. 1997; Malcherek et al. 1999; Malcherek 2001).
Similar behavior is observed in isomorphous compounds and in
solid solutions, with Sr substituting for Ca (Ellemann-Olesen
and Malcherek, in preparation) or with Ge substituting for Si
(Ellemann-Olesen and Malcherek, 2005).
Furthermore it is known that the titanite topology may occur
in a triclinically distorted form under certain conditions (Malcherek and Ellemann-Olesen 2005). Examples include the montebrasite-amblygonite series Li[Al(PO4)OH]-Li[Al(PO4)F] (Groat
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et al. 1990), the structure of CaGe2O5 (Aust et al. 1976) or the
high-pressure form of malayaite (Rath et al. 2003). The structure
of CaZrOGeO4 is topologically identical to the structure of the
triclinic high-pressure form of malayaite (Malcherek and Ellemann-Olesen 2005). Similar triclinic to monoclinic phase transitions may occur as a function of temperature, e.g., in CaGe2O5
at T*c = 714 ± 3 K (Malcherek and Bosenick 2004). The present
study reports temperature- and composition dependent displacive
phase transitions in the solid solution Ca(TixZr1–x)OGeO4.

EXPERIMENTAL METHOD
A series of six samples was synthesized by solid-state reaction along the join
Ca(TixZr1–x)OGeO4 (CTGOx) with x = 0.95, 0.90, 0.80, 0.50, 0.20, and 0.10. The
stoichiometric starting mixtures were prepared from pure Þne-grained powders of
CaCO3, TiO2, ZrO2, and GeO2 in an open platinum crucible at a maximum temperature of 1323 K. Approximately 2.5 g of starting oxides were ground, pressed into
pellets, and heated for several intervals of 5 days with intermittent grindings. The
Þnal reactions of the pressed oxide pellet at 1588 K were carried out in a welded
Pt-tube to avoid GeO2 loss. Phase purity of the resulting product was established by
powder diffraction analysis. The impurity phases ZrO2 (baddeleyite, ca. 0.5 wt%)
and CaGe2O5 (ca. 0.8 wt%) were identiÞed in CTGO10. No secondary phases were
observed for the remaining compositions.
In situ X-ray powder diffraction measurements up to 1073 K were carried out
with an Anton Paar HTK 1200 furnace mounted on a Philips Xpert diffractometer
with monochromatic CuKα1 radiation. Diffraction patterns were recorded in the
range 17–90° 2θ using a proportional counter with 4 s/step counting time and a
step size of 0.02°. Additional room-temperature powder diffraction data in the
range of 5–100° 2θ were obtained from CTGO10 and CTGO20 using a Philips
Xpert diffractometer with CuKα radiation and a secondary beam monochromator.
Lattice parameters at elevated temperatures were determined using the LeBail
method as implemented in the GSAS program (Larson and Von Dreele 1994).
As far as the LeBail analysis is concerned, the compositions CTGO95, CTGO90,
CTGO80, and CTGO50 were reÞned in space group A2/a. The A2/a setting was
chosen as the superstructure reßections with k + l = 2n + 1 are weak and mostly
overlapping with the fundamental reßections (Malcherek 2001). For compositions
–
CTGO20 and CTGO10 the A1 space group was chosen. Rietveld reÞnements were
carried out using the room temperature data only. For the Rietveld reÞnement
P21/a symmetry was used for compositions CTGO95 and CTGO90 and the A2/a
symmetry for CTGO80 and CTGO50. Triclinic compounds were reÞned using
–
space group A1 with starting parameters from CaZrOGeO4 (Malcherek and Ellemann-Olesen 2005). The isotropic thermal parameters of the oxygen atoms had
to be constrained to the same value to obtain positive deÞnite thermal parameters

