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Summary

The aim of the work presented here is to contribute to the understanding of the driving
forces behind displacive phase transitions in transition metal oxides. Towards this aim,
synthetic derivatives of the mineral titanite, CaTiOSiO4, are used as model compounds.
The study is focusing on the occurrence of displacive phase transitions in compounds
with the 2:4:4 cation charge combination: SrTiOGeOs4, CaTiOGeO,, CaZrOGeO4 and
the binary solid solutions CaTiO(GexSijx)Os, (CaxSrix)TiOGeOs and Ca(TixZr).
x)O0GeO0;. All experiments have been performed on synthetic materials obtained by solid
state synthesis from the respective oxides. In the case of the end-member composition
CaTi0GeOy single crystals have been grown from the melt.

As the phase transitions encountered in these compounds are of a displacive nature and
therefore non-quenchable their observation requires in situ measurements at elevated
temperatures. This applies to electron microscopy as well as to X-ray diffraction. In the
case of CaTiOGeQ,, single crystals have been studied in order to examine the
distribution and temperature dependence of diffuse scattering associated with the
displacive phase transitions in this material. X-ray powder diffraction measurements at
ambient and at elevated temperatures have been used to characterize the temperature
evolution of the crystal lattices in the solid solutions as well as in the endmembers.

The observed structural phase transitions occur both as a function of temperature and of
composition and are identified based on the determination of spontaneous strain.
CaTi0OGeO4 and SrTiOGeO4 behave in analogy to the well known P2,/a — A2/a
transition observed in titanite, CaTiOSiO4. While the transition temperature across
(Ca,Sr; ) TiOGeOy stays constant near 7. = 590 K, it increases linearly from 7, = 487 K
in titanite, to 7., = 588 K in CaTiOGeQO4. Phase transitions across the solid solution
Ca(TixZr;x)OGeOy4 additionally occur as a function of composition. The transition P2,/a
— A2/a is not observable above ambient temperature in samples with extrapolated Zr
concentration in excess of 18 %. The aristotype structure of titanite (space group

symmetry A2/a) is observed for intermediate compounds. CaZrOGeO,4 and compounds

with high Zr content exhibit a distorted titanite structure of space group symmetry Al.
This triclinic form transforms to the monoclinic titanite aristotype structure at elevated

temperature and with increasing Ti content. The critical temperature is



488 K for the Zr-endmember and the critical composition at ambient temperature is at

about 30% Ti-concentration.



Zusammenfassung

Ziel der vorgestellten Arbeit ist es, einen Beitrag zum Verstidndnis der Antriebskréfte
displaziver Phasenumwandlungen in Ubergangsmetalloxiden zu leisten. Dazu werden
synthetische Derivate des Minerals Titanit, CaTiOSiO4, als Modellsubstanzen
herangezogen. Die Studie konzentriert sich auf das Auftreten displaziver
Phasenumwandlungen in Verbindungen mit 2:4:4 Kationenladungsverhiltnis:
SrTi0GeO4, CaTiOGeO4, CaZrOGeO,, sowie die bindren Mischkristallreihen
CaTi0(GexSi1x)04, (CaySrix)TiOGeOs und Ca(TixZrx)OGeOs. Die dargestellten
Experimente wurden an synthetischen Proben durchgefiihrt, die {iber die
Festkorpersynthese aus den entsprechenden Oxiden gewonnen wurden. Fiir das
Endglied CaTiOGeO,4 konnten Einkristalle aus der Schmelze geziichtet werden.

Weil ausnahmslos displazive Phasenumwandlungen untersucht werden, so dass keine
abgeschreckten Proben erhéltlich sind, sind zu ihrer Beobachtung in-situ Messungen bei
erhohten Temperaturen erforderlich. Dies gilt sowohl fiir die durchgefiihrten
Rontgenbeugungsmessungen als auch  fir die elektronenmikroskopischen
Untersuchungen. Im Falle der Verbindung CaTiOGeO4 wurde die Verteilung und die
Temperaturabhéngigkeit diffuser Streuung im Zusammenhang mit der displaziven
Phasenumwandlung an  Einkristallproben untersucht. Pulverdiffraktometrische
Rontgenbeugungsmessungen bei Raumtemperatur und bei erhohten Temperaturen
dienen zur Beobachtung der Anderung der Gitterparameter als Funktion der Temperatur
in den Endgliedern und den Mischkristallreihen. Strukturelle Phasenumwandlungen
werden sowohl als Funktion der Temperatur, als auch als Funktion der
Zusammensetzung beobachtet und iiber die auftretende spontane Gitterverzerrung
identifiziert. CaTiOGeO4 und SrTiOGeO,4 dhneln dabei in threm Verhalten dem Titanit
(CaTiOSiO4) und seiner bekannten P2,/a — A2/a Umwandlung. Wihrend die
entsprechende Umwandlungstemperatur in der Reihe (Ca,Sr;4)TiOGeO4 nahezu
konstant bei 7, = 590 K liegt, steigt die kritische Temperatur linear von 7, = 487 K im
Titanit auf 7, = 588 K im CaTiOGeO4 an. Phasenumwandlungen in Ca(TixZr;x)OGeO4
erfolgen zusdtzlich in Abhédngigkeit von der Zusammensetzung. Hier ist die
Umwandlung P2,/a — A2/a in Proben mit einem extrapolierten Zr-Gehalt von 18%
oberhalb Raumtemperatur nicht mehr zu beobachten. Die Struktur des Titanit-Aristotyps
(Raumgruppensymmetrie A2/a) ist fiir den intermedidren Bereich der Mischkristallreihe
zu beobachten. CaZrOGeO4 und Verbindungen

il



mit hohem Zr-Gehalt zeigen dagegen eine verzerrte Titanit-Struktur der Raumgruppe

Al. Diese trikline Form transformiert sowohl bei erhohten Temperaturen als auch bei
steigendem Ti-Gehalt zuriick in den monoklinen Titanit-Aristotyp. Die kritische
Temperatur betrdgt 488 K fiir das Zr-Endglied und die kritische Zusammensetzung ist
bei ca. 30% Ti-Gehalt erreicht.

il



Preface

This thesis is written as an accumulative thesis composed of a comprehensive
introductory chapter that enlarge on the applied methods and examine the subjects
employed in the following chapters. Three submitted scientific papers constitute the
succeeding chapters.

Chapter 1 therefore gives a brief overview of the widespread studies on titanite
presented in the literature with emphasis on structure and phase transitions as a function
of temperature and pressure. Furthermore the stability of the titanite framework with
respect to substitution on the different crystallographic sites will be discussed, as
various studies comprise the ability of the titanite structure to obtain larger cations. A
thorough examination of the types of phase transformations occurring in the studied
solid solutions is given along with the fundamental concept of spontaneous strain. The
remaining part of the chapter concerns the methods used with emphasis on the
elementary theory as well as factors influencing the sampling of data. The methods
described are X-ray powder diffraction, single crystal X-ray diffraction and transmission
electron microscopy. Chapter 3, 4 and 5 are scientific manuscripts. The papers give a
thorough and detailed examination of each of the three studied solid solutions
CaTiO(GeSi1x)04, (CaySri4)TiOGeO4 and Ca(TiyZr;4)OGeOy4, which form the basis
of this Phd project. A final chapter gives a summary of the main conclusions to be

drawn from the presented work.
I certify that I am first author to the manuscripts and that the results presented are
exclusively based on my own research and results. Dr. Thomas Malcherek is in the

manuscripts listed as second author due to his role as supervisor.

And I certify that the work presented in this thesis is my own and that work performed

by others is appropriately cited.
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1. Introduction

The PhD project is concerned with displacive phase transformations in transitions metal
oxides and with synthetic titanite-types structures in particular. The titanite structure has
attracted substantial interest because of its phase transitions, its occurrence as a metamict
mineral (Hawthorne et al., 1991) and its crystal chemical relation to the non-linear optical
material KTiOPO4 (KTP) (Kunz et al., 2000). Titanite is a common accessory rock-forming
mineral and is found in a variety of metamorphic and igneous rocks (Xirouchakis and
Lindsley, 1998; Xirouchakis ef al., 2001ab). In addition, because of the ability of titanite to
retain certain radionucleids (e.g. uranium, thorium and radium), titanite based ceramics and
glass-ceramics have been proposed as hosts for nuclear fuel waste (Hayward and Cechetto,
1982; Gascoyne, 1986). Thus knowledge of the physical and chemical properties of the
endmember titanite and solid solutions having the titanite structure can help us to better
understand the potential of this material in basic and applied research. The aim therefore is to
use the titanite structure as a model structure for displacive phase transitions in transition

metal oxides in general, in order to explore the driving forces behind such transitions.

The titanite structure type can accommodate a wide range of different chemical compositions:
ATM*0X* 04 (e.g. titanite; CaTiOSiO; and malayaite; CaSnOSiO;), AZMOX*"0,
(CaTaOAlO,), A'M'OX*" 0,4 (e.g. NaTaOGeOs, LiTaOSiO4) (Higgins and Ribbe, 1976;
Speer and Gibbs, 1976; Groat et al., 1996; Malcherek, 2002; Malcherek et al., 2004). The
present study is focusing on the occurrence of displacive phase transitions in compounds with
the 2:4:4 cation charge combination. Apart from titanite and malayaite so far three such
titanyl-compounds, SrTiOGeO,4, CaTiOGeO4 and CaZrOGeO,4 are known to be stable. The
three compounds form the basis of the research project along with the solid solutions they
form. In the light of the below listed individual solid solutions the project will offer interesting
insights into the structural evolution of compounds having the titanite structure as the effects
of substitution on different crystallographic sites.

CaTiO(GexSi11.x)O4

(Ca,Sr14x)Ti0GeOy4

Ca(TixZr; x)0OGeOy4



No literature regarding the above solid solutions has been published. The research presented
here will therefore add an important information on compounds with the titanite structure,
especially because most work presented in the literature concern endmember compositions
and are not including possible solid solutions. Exceptions are the subsolidus relations of the
CaTi0Si04-CaSn0OSiOy4 join that show complete solid solution at 700°C (Kunz et al., 1997)
and the structural changes in titanite along the join TiO-AlF (Troitzsch et al., 1999). Finally,
Angel ef al., 1999b examined the effect of isovalent Si,Ti substitution on the bulk moduli of
Ca(Ti,xSix)SiOs titanites.

The structures of the examined solid solutions are topologically identical to that of titanite.
Titanite is formed by parallel chains of corner-sharing [TiOg]-octahedra running along the a-
direction. The parallel strings of tilted octahedra are interconnected by [SiO,]-tetrahedra
sharing corners with the [TiOg4]-octahedra and by calcium ions in sevenfold coordination. An
interesting aspect of this structure type evolves from the off centre distortion of Ti atoms in
the titanite low-temperature structure. The off centring of the octahedrally coordinated cation
occurs during changes in temperature, composition and pressure. Minerals where off centring
plays an important role are perovskites and hollandite (Salje, 1989 and Cheary, 1986).

The detailed and systematic investigation of a series of compounds along the individual solid
solutions will as a result offer insights into the structural evolution of a framework structure in
response to chemical substitution on a single site within the framework, complementing
previous detailed studies on the antiferroelectric to paraelectric P2,/a - A2/a phase transition
of titanite. The research will focus on the various solid solutions in order to track the
behaviour of structural phase transitions as a function of composition and temperature in these
compounds. The results enable to analyse the crystal chemical driving forces behind the
observable structural instabilities. As the phase transitions encountered in these compounds
are of a displacive nature and therefore non-quenchable their observation requires in-situ
measurements at elevated temperatures. This applies to electron microscopy as well as to X-
ray diffraction.

In the case of the endmember composition CaTiOGeOs, single crystals will be studied in
order to examine the spatial distribution and temperature dependence of diffuse scattering in
this compound, to correlate these properties with the occurrence of displacive phase
transitions and with microstructures generated by them, and to point out similarities or
differences to the known behaviour of titanite, CaTiOSi0,. Diffuse scattering effects and

antiphase domains textures in CaTiOGeO4 have been investigated by electron diffraction and



X-ray radiation at variable temperature. In addition the study is based on powder diffraction at
ambient and at elevated temperatures that has been used to characterize the solid solutions.
The synthesis of the compounds studied forms another important part of the work. All
experiments are performed on synthetic materials. This involves the growth and structure
analysis and composition analysis of single crystals in the case of the end-member
composition CaTiOGeOy. In order to study the behaviour of the solid solutions, powder
samples with several compositions along the different joins have been synthesized by solid

state reaction.

1.1 Titanite and related phases

Titanite is a common accessory mineral, probably the most common titanium-bearing mineral
besides rutile and ilmenite, in igneous, metamorphic and sedimentary rocks. Interest in its
stability and crystal chemistry has been virtually constant among geologists and materials
scientists since the late 1920s. (e.g. Zachariassen, 1930, De Vries et al., 1955; Robbins, 1968;
Hayward et al., 1990). Several studies have demonstrated its significance in petrology and in
the glass/ceramics industry (Hunt and Kerrick, 1977; Hayward and Cechetto, 1982).

The structural framework of titanite is formed by parallel chains of corner-sharing [TiOg]-
octahedra running along the a-direction (Fig. 1.1). The octahedra are twisted in such a way
that the equatorial O atoms do not overlap when projected parallel to the chain axis. These
parallel strings of octahedra are interconnected by [SiO4]-tetrahedra sharing corners with the
[TiOg]-octahedra and by calcium ions in sevenfold coordination (Speer and Gibbs 1976;
Taylor and Brown, 1976). The tilted octahedra in the chain share a common oxygen atom
designated Ol. A common feature of titanites containing dy transition metal cations is the
distinctive distortion of the [TiOg]-octahedra as the Ti atoms are displaced from the
geometrical centres of the octahedra, resulting in alternating long and short Ti-O1 bonds
(Ribbe, 1982). The distortion is caused by an electronic second order Jahn-Teller effect and
thus occurs around most octahedrally coordinated d, transitions metals (Kunz and Brown,
1994). In titanite these distortion vectors are parallel within a [TiO¢] chain, but correlate in an
antiferroelectric way between adjacent chains. This antiferrodistortive interaction between
adjacent [TiOg] chains in titanite cancels the locally induced hyperpolarizabilities and

therefore inhibits any interesting non-linear optical effects (Kunz et al., 2000). The [TiOs]



chains are cross-linked by silicate tetrahedra sharing the remaining four oxygens (3-
coordinated O2A and O2B and four coordinated O3A and O3B). The [SiO4]-tetrahedra share
oxygen atoms with four separate [TiOg]-octahedral groups in three separate chains. The
oxygen atoms O3A and O3B belong to the same chain while O2A and O2B are shared by two
chains. Figure 1.1 displays the titanite structure showing the kinked chain of [TiOg]-octahedra
cross linked by isolated [SiO,4]-tetrahedra.

Fig. 1.1 The titanite structure viewed down the z-axis.

Robbins, 1968 was the first to synthesize titanite by crystallizing melts of high-purity oxides
in an iridium wire loop in a platinum crucible. Examination of these substances by the X-ray
precession method showed that synthetic titanite crystallized in space group P2,/a instead of
A2/a, the presumed space group for natural titanite. Robbins, 1968 postulated that the
synthetic titanite crystals might contain “two symmetrically inequivalent formula units”
related by face centering translation, and that if a disorder amounting to a random succession
of the two types of units were introduced the resulting average structure would be face-
centered. Contrary Mongiorgi and Di Sanseverino, 1968 refined natural titanites in space
group A2/a, which is legitimate for most (impure) natural titanites. Speer and Gibbs, 1976
revisited the crystal structure of synthetic titanite. From precession X-ray photographs they
determined the crystal structure to have SG-symmetry P2,/a in agreement with the earlier
results of Robbins, 1968. Furthermore Speer and Gibbs, 1976 examined the diffuse reflections
(k + [ = odd) exhibited by certain natural specimens. They suggest that natural titanites consist



of numerous domains of P2,/a titanite related by a half turn parallel to the bh-axis. This would
bring all atoms into coincidence except the titanium atoms due to their off centring. The
additions of a half turn to the P2,/a space group would give the apparent A2/a space group of
natural titanites. Their refinement therefore indicated that the primary difference between the
primitive synthetic material and the A-centered titanites is the position of the titanium atom in
the [TiO¢]-octahedron.

At a temperature of about 487 K, titanite undergoes a phase transition associated with a
characteristic displacement of the titanium atom from the centre of the [TiOg]-octahedron
(Ghose et al., 1991; Bismayer et al., 1992). Above the transition temperature the space group
is A-centered A2/a (C2/c) whereas below, the space group is primitive, P2,/a (P2,/c) (Taylor
and Brown, 1976; Ghose et al., 1991). The ordered low temperature phase is characterized by
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 centre of the [TiOg¢]-octahedra. The transition is accompanied by the
disappearance of superlattice diffraction maxima with & + / = 2n +1. It is believed that the
phase transition at 487 K involves merely a 2-dimensional loss of long-range coherence
between the off-centre dipoles, while the structure remains ordered with respect to the Ti-
displacement along individual octahedral chains (Malcherek, 1999).

On the basis of high temperature X-ray diffraction studies, Taylor and Brown, 1976 clarified
the basic microscopic mechanism of the phase transition in titanite in terms of the Ti-
displacements from the centre of the [TiO¢]-octahedra in the low temperature phase. However
they could not distinguish between two possible models for the high temperature phase,
namely a single configuration with Ti strictly at the centre of the octahedron vs. an average of
two configurations with small Ti-displacements parallel and antiparallel to the a-axis. Ghose
et al., 1991 similarly determined Ti-displacement as a function of temperature, which they
took as the primary order parameter driving the phase transition. They found that the Ti-
displacement is small but non-zero above the critical temperature. Furthermore they observed
a strong hysteresis effect, where 7, decreased 50 K to 445 K after heating and cooling through
the first cycle. However, on further heating and cooling, the hysteresis effect disappeared and
super structure reflections (k + /= odd) showed diffuse residual intensities above T-.

Zhang et al., 1997 reported the direct experimental observation of a structural anomaly near 7;
= 825 K in synthetic and natural titanite samples by high temperature, hard mode

spectroscopy. The question answered by Zhang et al., 1997 is whether the structure observed



immediately above Tt is the correct paraphrase of titanite or, alternatively, whether this phase
i1s an intermediate phase and the true high symmetry phase exists only at much higher
temperatures. Previous studies suggest a second anomaly in titanite. First Bismayer et al.,
1992 and Meyer ef al., 1996 recorded non-zero excess birefringence at temperatures up to 850
K, which is compatible with the assumption that an intermediate phase exists. Second, Sajle et
al., 1993a observed that the excess intensities of the Raman signals decrease gradually at
temperatures above 500 K with increasing temperature. These observations rule out the idea
that the phase transition at 7, = 487 K occurs between a paraelectric high symmetry phase and
its antiferroelectric low symmetry phase by a simple shift of Ti positions in the [TiOs]-
octahedra. Zhang et al., 1997 show that IR spectroscopy provides a sufficiently sensitive tool
to detect the additional high temperature phase in titanite and suggested that true A2/a
symmetry is to be attained at a second phase anomaly around 7; = 825 K. Malcherek et al.,
1999, confirmed this observation as studies from high temperature X-ray diffraction single
crystal experiments are in agreement with the observation of Zhang et al., 1997. They
observed a break in thermal expansion near 825 K, which correlates with an effective volume
contraction of the Ti octahedron. No symmetry change is involved and the structural changes
at this temperature amount to small changes in the interatomic distances and angles. Mainly a
reorientation of the Ca-displacement vector and a slight tilting of the [TiOg4]-octahedra occur
(Zhang et al., 1997; Malcherek et al., 1999).

The well-described phase change at 487 K has also been observed at high pressure. Kunz et
al., 1996 described this pressure induced phase transition using powder diffraction collected
with synchrotron radiation and found that the P2,/a — A2/a symmetry change occurs between
21 kbar and 69.5 kbar. The mechanism however is proposed to differ from the temperature
induced phase transition. The high-pressure phase transition is a response to increasing
overbonding of the Ti atoms, which forces individual Ti atoms to shift to the centre of the
coordination octahedron unlike the apparently identical phase transition at high temperature,
where the observed disappearance of the out of centre distortion is due to a loss of long range
order between individual off centre dipoles. Thus the A2/a high-pressure phase, unlike the
A2/a high-temperature phase, has both local and long range A2/a symmetry.

To better understand the structural relationships between the pressure dependent phase
transition and the two temperature driven phase changes at 7, and 7;, Kunz et al., 2000
collected powder diffraction data at simultaneously high pressure and temperature. This does

not only provide more structural information but also yields further thermodynamic



constraints on the intermediate phase between 500 K and 825 K. With these data it is possible
to relate the A2/a high-pressure phase at P > 3.5 GPa (room temperature) to the A2/a high
temperature phase observed above 825 K (room pressure). Kunz et al., 2000 found that the
phase boundary extrapolates to around 3.5 GPa at room temperature, consistent with previous
experiments at 300 K (Angel et al., 1999a; Kunz et al., 1996). Extrapolating the phase
boundary linearly to ambient pressure yields a temperature of about 880 K. As a result Kunz
et al., 2000 suggested that the high-pressure A2/a phase corresponds to the high symmetry
phase above 825 K rather than to the disordered intermediate A2/a phase between 487 K and
825 K. This result confirms the crystal chemical interpretation of the high-pressure structure
as the structure is characterized by a truly symmetric Ti-coordination rather than by a disorder
of the out of centre distortion vector (Kunz et al., 1996). The structural analysis based on
Rietveld refinements reveals that the polymerized [CaO7]-polyhedra dominantly affect the
structural response to changing pressure and temperature. The [TiOg]-octahedra rotate almost
rigidly in response to the compression of the [CaO7]-polyhedra. The [SiO4]-tetrahedra show a
strong angular distortion with only little change in bond lengths.

Based on single crystal XRD data Ghose ef al., 1991 measured the spontaneous strain
generated by the 487 K transition. In order to extend the strain measurements towards the
1sosymmetric transition at 7; = 825 K and to improve the accuracy of the derived strain tensor
Malcherek, 2001 applied the spontaneous strain analysis to titanite. Lattice constants of
synthetic titanite powder between room temperature and 1023 K were determined using high
temperature X-ray powder diffraction. Only the e;; and e;3 strain components contribute
significantly to the strain tensor in the A2/a setting associated with the antiferroelectric —
paraelectric phase transition at 7, = 487 K. Indications for the additional occurrence of an
isosymmetric anomaly at 7; = 825 K is observed as the strain component e;3 does not
disappear at 7 but remains finite up to 7;. Hence this shearing characterizes the intermediate
phase. Malcherek, 2001 found that the volume strain occurring below 7. correlates with the
tricritical character of the phase transition, while the microscopic properties above 7. are
likely to be dominated by the pseudo-spin behaviour of the linearly correlated Ti
displacements within individual chains.

Silicates and oxides are quite extraordinary in their ability to incorporate many different
elements and, at the same time, in having extremely large pressure and temperature stabilities.
Titanite is no exception. Substitution and the resulting structural effects have shown to be an

intriguing feature of the titanite structure (e.g. Higgins and Ribbe, 1976; Angel ef al., 1999b;



Malcherek and Bosenick, 2004). The titanite structure type therefore has been extensively
studied as a function of temperature and pressure as the ability of the structure to incorporate
different atoms (Oberti et al., 1991; Kunz et al., 1997; Knoche et al., 1998).

The chemical substitutions of primary importance in natural titanites are (Al, Fe)*" + (F,OH)
— Ti*" + 0%, where total Al + Fe is not greater than 30 mol% and Al generally dominates.
From quantitative microprobe analyses of the major elements in natural titanites, powder
diffraction and X-ray precession methods, Higgins and Ribbe, 1976 discussed how
substitution of Al + Fe for Ti in natural specimens influences the symmetry. Natural
specimens with less than 3-4 mol% substitution of Fe and Al for Ti have the space group
P2,/a whereas those with more than 4 mol % (Al + Fe) have diffuse reflections £ + / odd,
which become unobservable above 20 mol% substitution as the average structure approaches
A2/a symmetry (Higgins and Ribbe, 1976, Oberti ef al., 1991).

Higgins and Ribbe, 1976 solved the structure of the Sn-analogue of titanite known as
malayaite, CaSnOSiOy in space group A2/a. Investigations of malayaite at high temperatures
using synchrotron radiation, HRTEM, X-ray powder diffraction and Raman spectroscopy by
Groat et al., 1996 revealed a structural anomaly at 500 K, but no deviations from A2/a
symmetry were observed, nor any antiphase domains boundaries indicative of reduced
symmetry. Most probably the transition in malayaite is similar to the isosymmetric transition
at 7; in titanite. Kunz ef al., 1997, studied the solid solution between malayaite and titanite in
detail. The refinements at room temperature reveal a high sensitivity of the crystal symmetry
on the amount of octahedral Sn present. To distinguish between the P2;/a and the A2/a
structures the disappearance of the £ + / = odd reflections characteristic for the P2,/a space
group was used. The measurements were carried out using synchrotron X-radiation and TEM.
The series of experiments reveal that already at a Sn concentration of 10 % no k& + / = odd
reflections can be observed anymore, thus the addition of 10 % Sn apparently destabilises the
ordered P2,/a phase.

Angel et al., 1996 discovered the titanite structured phase CaSiSiOs and showed, based on
high-pressure single crystal diffraction, that CaSi,Os is the first example of a displacive
transition between the monoclinic and triclinic phases of CaSi,Os involving a coordination
change of Si to be observed directly. This material contains fourfold -, fivefold -, and sixfold-
coordinated silicon and thus is distinctly different from the triclinic high-pressure phase of

malayaite even though its structure type is very similar to the aristotype of malayaite. This



relationship is confirmed by a high-pressure phase transition from triclinic to monoclinic
CaSi,05 where the A2/a structure of malayaite is adopted (Angel, 1997).

An important mechanism for phase transitions in the silicates of the Earth’s mantle is the
change of the coordination of Si by oxygen from four (tetrahedral) to six (octahedral) with
increasing pressure. A mechanism for the development of mixed coordination phases is the
continuous substitution of Si for other octahedral cations in silicates containing SiOq4
tetrahedra. In the light of the discovery of the titanite structured phase of CaSi‘'0Si'v Oy,
(Angel, 1997) and the wide stability field in pressure and temperature of titanite, Knoche et
al., 1998 suggested the possibility of a solid solution between the two endmembers titanite
and CaSiVIOSiIVO4 in which mixed-coordination of Si would evolve as a result of isovalent
substitution of Si for Ti. Knoche et al., 1998 examined the phase relations of the CaTiSiOs —
CaSi,0s solid solution and characterized the structural state using a combination of synthesis
and reversal experiments in a piston cylinder and a multi-anvil press. The results show that at
sufficiently high pressures (8.5 GPa) and temperatures (1350°C) a complete solid solution
exists between titanite and CaSi,Os, based upon the exchange of Si for Ti in the octahedral
site. This substitution appears to occur without ordering of the octahedral cations and the
continuous nature of the solid solution allows the amount of octahedral silicon in the titanite
structure to increase continuously with increasing pressure. It is suggested that already by 10
mol% substitution of Si'® for Ti is sufficient to completely suppress the long range ordering
of the displacements of the Ti cations, the same level as required when Sn is substituted for Ti
in malayaite (Kunz et al., 1997). Because the ionic radius of Si'¥ is smaller that Ti, whereas
Sn is larger (Shannon, 1976), these results imply that, as originally suggested by Higgins and
Ribbe, 1976, the suppression of the A2/a to P2,/a transition is purely a dilution effect rather

than a steric one.

A large number of compounds of general composition AMOXO; crystallize with the topology
of the titanite structure. Examples are MnSi,Os (Arlt et al., 1998) and CaAlFSiOy4 (Troitzsch
and Ellis, 1999). Titanite and the Sn analogue, malayaite are of the type AZ"M*"0X*"0,. Mill
et al., 1990 first described one of these compounds LiTaOGeOy of the type A'M>'OX* 0. As
part of a larger investigation into phase transitions in compounds of the titanite structure type,
Malcherek, 2002 determined the low temperature phase of LiTaOGeO,4 and its transition to
the disordered C2/c structure. The structure of LiTaOGeO, has been refined using X-ray

diffraction data collected at room temperature and at 173 K. The low temperature phase is



isostructural with LiTaOSi104 (Genkina and Mill, 1992). The transition from the ordered P2,/c
to the disordered C2/c structure occurs at 7, = 231 K. The low-temperature structure is
characterized by the off centre displacement of Ta and an ordered Li configuration. For 7> Tt
the Li atom flips back and forth between two equivalent tetrahedral positions on a curved
pathway.

An example of a compound of the type A" M’"OX*"04 is CaTaOAIlO,. This compound was
reported to be isotypic with the monoclinic structure of the titanite paraphrase with space
group symmetry C2/c (Sales et al., 1999). Malcherek et al., 2004 from Rietveld analysis and
based on X-ray powder diffraction and density functional methods in combination with *’Al
MAS NMR found that a structural phase transition occurs near room temperature but the
diffraction data does not indicate deviation from monoclinic symmetry C2/c. The low-
temperature phase is characterized by two distinct Ta environments, distinguished by their
nearest neighbour Ca coordination. Compared to the low-temperature structure of titanite the
structure of CaTaOAlOy4 is distinguished by the absence of the characteristic off centre
displacement of the transition metal cation.

Angel et al., 1996 discovered the titanite structured phase CaSiSiOs and showed, based on
high-pressure single crystal diffraction, that CaSi,Os is the first example of a displacive
transition between the monoclinic and triclinic phases of CaSi,Os involving a coordination
change of Si to be observed directly. This material contains fourfold -, fivefold -, and sixfold-
coordinated silicon and thus is distinctly different from the triclinic high-pressure phase of
malayaite even though its structure type is very similar to the aristotype of malayaite. This
relationship is confirmed by a high-pressure phase transition from triclinic to monoclinic

CaSi,05 where the A2/a structure of malayaite is adopted (Angel, 1997).

Compounds exhibiting the typical titanite structure type do not need to have space group
symmetry P2i/a at low temperatures in analogy with titanite, but can exhibit a triclinically
distorted titanite structure. Rath et al., 2003 carried out a single crystal high-pressure
diffraction study that showed that monoclinic malayaite (CaSnOSiO,) transforms into a
triclinic high-pressure polymorph, SG-symmetry A1 at P, = 4.95(1) GPa. The monoclinic to
triclinic phase transition reveals itself by significant deviations of the a- and y-angles from
90°. No discontinuity was observed in the pressure dependence of axes and volume. The

phase transition was shown to be fully reversible. Structural refinements at four different

pressures reveal the structural details of the monoclinic A2/a and triclinic A1 phases. Below
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and at the transition temperature the [SiO4]-polyhedra show some non-rigid distortion and
angular twisting. The SnOg chains shift parallel to [-101], inducing a reduction in symmetry
above the transition temperature. The structural differences between the triclinic and
monoclinic phases are most clearly recognized when looking at cation — cation distances. In
the monoclinic structure the [SnOg]-octahedra form linear chains parallel to [100]. Above the
phase transition the distance between adjacent SnOg chains is compressed more strongly to
[011] than parallel to [01-1] , violating both the twofold screw axis and the glide plane. As a
consequence, the Sn site splits into two symmetrically distinct sites occupying alternate
positions along the octahedral chains. Along with the asymmetric relative shift of the [SnOg]-
octahedra the chain linking SiOy4 is twisted. Rath ef al., 2003 found that the distortion of the
SnO¢ — Si04 framework also affects the coordination of the Ca atom. The CaO7-polyhedra
move closer together. This brings an eights O atom, which is part of the neighbouring CaO--
polyhedra, into the coordination sphere of the Ca atom. Hence the originally linear CaO;
chains change into CaOg sheets parallel to (-111) in the triclinic phase.

The montebrasite-amblygonite series Li[Al(PO4)OH]-Li[Al(PO4)F] reported by Groat et al.,
1990, is topologically identical to the malayaite structure at high-pressure (Rath et al., 2003).
These are the only known naturally occurring minerals with a triclinically distorted titanite
structure. Groat et al., 1990 reported them as triclinicCl. As in triclinic malayaite the
distances between the octahedral chains are different in different directions. These differences
become more pronounced with increasing OH-content. This seems to indicate that chemically
imposed structural strain has a similar effect on this structure as pressure induced strain in
malayaite.

The structure of CaGe,Os is of the titanite aristotype in its high temperature phase (Aust et al.,

1976, Malcherek and Bosenick, 2004). In CaGe,Os a continuous phase transition from

triclinic C1 to monoclinic C2/c symmetry at 7.* = 714 £ 3 K is observed (Malcherek and
Bosenick, 2004). The transition is accompanied by a weak heat capacity anomaly. The strain
analysis based on measured lattice constants implies a classical second order phase transition,
where the order parameter as measured by the strain component e;3 is associated with the

displacement of the Ca cation.

The displacive phase transitions occurring in the studied solid solutions are characterized by
primary bonds, which are not broken but merely distorted due to changes in temperature and

composition. Therefore a clear structural relationship exists between the high-temperature
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form, which is usually more open and has higher symmetry than the low-temperature form. A
tendency for disorder exists at high temperatures, giving way to order at low temperatures.
Contrary to reconstructive transitions displacive transitions only involve small changes in
energy and are usually fast and unquenchable. However, they provide a range of phenomena
relevant to understanding the response of a mineral structure to changes in temperature and
pressure, and to development of domain structures in minerals. Most importantly, displacive
phase transitions may interact with other aspects of the structure, such as the distribution of
cations and their state of order (Nord, 1992).

Structural phase transitions are the result of changes in crystal structure. Phase transitions are
grouped according to the type of symmetry reduction where the only criterion is a group-
subgroup relationship (Nord, 1992). According to Ghose et al., 1991 the reduction of
symmetry operations from the high symmetry phase (A2/a) to the low symmetry phase
(P2/a) in titanite involves a loss of the centering translational symmetry [0,', 2]. The size of
the unit cell remains the same. The subgroup P2,/a therefore results from lost symmetry
elements of the A2/a space group, which is mainly related to the position of the Ti atoms. In
A2/a the Ti position in the centre of the octahedron is fixed by symmetry, whereas in P2,/a
the Ti atoms are displaced off centre in the octahedron closer to one of the apical oxygens
(O1). The titanium displacements in adjacent octahedral chains are parallel and antiparallel to
the a-axis, thus giving rise to an antiferroelectric arrangement of the polarization vectors in
P2,/a (Taylor and Brown, 1976). In the low-temperature phase the Ca-displacements are also
essentially off centre along the octahedral chain at low temperatures as the Ti-atoms. The
nearest Ca and Ti atoms are displaced in the same sense. The Ca-displacements therefore are
coupled linearly to the Ti-displacements. As in the case of Ti-displacements, the Ca-
displacements related by the A-centering are equal and opposite each other. The Ca-
displacements are considerably smaller than the Ti-displacements (Ghose ef al., 1991).
Microscopically, phase transitions are driven by the creation of order. Since the change in
symmetry from A2/a — P2,/a is a non-ferroic transition and the transition is characterized as a
zone boundary transition no strain components can serve as the primary order parameter
(Ghose et al., 1991). In titanite the Ti-displacements are taken as the primary order parameter

since they are the largest displacements observed experimentally.
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1.2 The spontaneous strain

To detail the character and mechanism of the phase transitions occurring in the studied solid
solutions the spontaneous strain analysis has been applied and compared. One of the most
significant physical effects that accompany structural phase transitions is spontaneous strain
(Aizu, 1970). It arises because crystal structures almost invariably undergo some distortion or
lattice relaxation on a macroscopic scale as a consequence of cooperative changes that occur
on a microscopic scale. The strain is additional to the background effects of thermal expansion
and must be separated from the normal response of a crystal to changing temperature or
pressure. Originally the concept of spontaneous strain was only applied to ferroelastic
transitions (Aizu, 1970; Newnham, 1974). However it has been found useful to expand this
definition to all structural phase transitions, which involve a variation of the shape of the
crystallographic unit cell in particular for co-elastic materials. In co-elastic transitions both the
high- and low-symmetry phases may belong to the same crystal system and yet still display
large lattice relaxations (Carpenter ef al., 1998).

Spontaneous strain consists of up to six independent components forming a symmetric second
rank tensor and is subject to the constraints of symmetry. The magnitudes of its components
are hence not uniquely definable because they depend on the crystallographic setting. For any
given setting the tensor components can be 1d3(3termined directly from the measured lattice
parameters of the low symmetry phase. Any spontaneous strain must conform to Neumann’s
principle according to which the symmetry elements of any physical property of a crystal
must include all the symmetry elements of the point group of the crystal (Nye, 1985). In order
to evaluate the spontaneous strain the lattice parameters of the high symmetry phase are
extrapolated into the temperature regime of the low symmetry phase. The extrapolation
represents that part of the deformation of the unit cell, which is not related to the structural
phase transition and therefore does not contribute to the excess spontaneous strain. The
numerical values of the spontaneous strain are now defined by the strain tensor, which relates
the low symmetry unit cell to the high symmetry unit cell when extrapolated to the same
temperature. By constructing the spontaneous strain the total thermal expansion of the crystal
is reduced to that part which is true excess quantity, i.e., the excess quantity defines the
spontaneous strain and the thermal expansion is completely removed. The non-relevant

background thermal expansion has been absorbed in the
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baseline. Given that strains as little as 1 %o can be detected in lattice parameter data collected
using quite routine diffraction techniques, strain measurements can provide particularly
valuable and detailed insights into the nature and mechanisms of most phase transitions (Salje,
1993).

The principles of strain analysis have been widely applied to phase transitions in minerals and
related compounds. Examples include anorthite (Redfern and Salje, 1987; Redfern et al.,
1988), quartz (Hatch and Ghose, 1991), perovskites (e.g. Carpenter et al., 2001), Pb3(PO4),
(Salje et al., 1993b), lawsonite (Carpenter et al., 2003) and others.

Malcherek, 2001 and Ghose et al., 1991 both described the spontaneous strain in synthetic
titanite. Using high-temperature X-ray powder diffraction data Malcherek, 2001 determined
the spontaneous strain associated with the antiferroelectric-paraelectric phase transition at 7, =
487 K. The strain associated with the phase transition is relatively small. Only the e;; and e;3
spontaneous strain components contribute significantly to the strain tensor. The e;; component
is related to the Ti- and Ca-displacements parallel and anti-parallel to the g-axis and the
relative inflexibility of the structure along this direction. The e;3 component is finite at
temperatures above 7. and it vanishes only at 7; = 825 K. The disappearance of this shear
strain marks the isosymmetric transition near 825 K. The shearing therefore characterizes the
intermediate phase. The ey, is zero within the limits of the measurement accuracy and e3; is
very small and negative for 7' < T,. The temperature evolution of the squared order parameters
correlates with the spontaneous strain e;;. Similar agreement is seen in the volume strain that

is associated with the transition at 7. = 487 K.

Figure 1.2 illustrates the definition of strain. According to Carpenter ef al., 1998 the linear
strain will be defined as A/// when a length /, of some material is changed by a small amount
Al In Figure 1.2 two linear tensile strains define the lattice distortion. First (a-ao)/a parallel
to the x-axis and second (b-by)/by parallel to the y-axis, where a and b are the lattice
parameters after deformation and a¢ and b, are the lattice parameters prior to deformation.
When negative it implies contraction while when positive it implies elongation. Second when
the distortion is defined by a shear through the angle 6, the shear strain is defined as tan 6 but
can, according to Figure 1.2, be rewritten as (b-bg)/cos y. These definitions are extended to
three dimensions. From a fixed coordinate system a single set of equations can be used to
determine the spontaneous strain from measured lattice constants for phase transitions

involving any change of symmetry.
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Fig. 1.2 Illustration of the geometry of shear. After Carpenter et al., 1998.

To define the general equations an underlying Cartesian coordinate system, with axes X, Y and
Z is selected, such that Y is parallel to the crystallographic y-axis, Z is parallel to the normal to
the (001) plane, i.e. parallel to c¢*. X is perpendicular to both. Therefore the strain component

e11 1s a tensile strain parallel to X, ey is a tensile strain parallel to Y etc. Based on the

coordinate system presented and according to Carpenter et al., 1998 the general equations

give the components of the spontaneous strain tensor as
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If the high-symmetry phase is monoclinic and the low symmetry phase is triclinic equations

(1) — (6) simplify to
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In the above equations a, b, ¢, o, P~ and y refer to the low symmetry form at a given
temperature (and pressure), and ao, bo, co, 0o, Po- and yo are the cell parameters that the high
symmetry form would possess at the same temperature (and pressure) had the transition not
taken place. The spontaneous strain components ej;; and ep; are symmetry breaking
components for a monoclinic to triclinic transition, while the other components are non-
symmetry breaking. Equations (7) to (12) are applicable to strain analysis of monoclinic-
triclinic transitions observed in Ca(TixZr; x)OGeOy. In the remaining compounds studied both
the high- and low-symmetry forms are monoclinic, & =y = 90° and p* = 180 — B and the strain

components become
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ey =0 (18) e, =0 (19)

A symmetry breaking strain is a strain, which transforms as any irreducible representation of
the point group of the high-symmetry phase, other than the identity representation. Also the
symmetry breaking strain is a shearing deformation, which by symmetry cannot include a
change in molar volume contrary to the non-symmetry breaking spontaneous strain paragraph.
The spontaneous strain associated with the triclinic to monoclinic phase transition in the
titanite structure is relatively large and is dominated by the symmetry breaking strain
components e, and ey; (Malcherek and Bosenick, 2004; Malcherek and Ellemann-Olesen,
2004). This is in agreement with the triclinic compounds across Ca(TixZr;x)OGeO4, where
the strain components e;, and e»3; are an order of magnitude larger than the non-symmetry
breaking strains. However increasing Ti content across Ca(TixZr; x)OGeO4 leads to a decrease
in symmetry breaking spontaneous strain. The spontaneous strain due to the P2,/a - A2/a
phase transition in compounds across the solid solutions CaTiO(GexSijx)O4 and (CaxSry.
) Ti0GeO,4 and in monoclinic compounds across Ca(TixZr;.x)OGeOy is relatively small and is
dominated by the components e;; and ej3. This behaviour is in perfect analogy with the
behaviour of titanite (Malcherek, 2001). The evolution of strain in the compound CaTaOAIlO,,
which is topologically similar to the titanite structure (Malcherek et al., 2004), is identical to
the observed spontaneous strain in the here studied compounds. The non-symmetry breaking
strain is nearly identical to CaZrOGeQ,, while there is no symmetry breaking strain, because
there is no triclinic distortion associated with the phase transition in CaTaOAlQO,. In analogy
to titanite CaTaOAlOy4 is characterized by a monoclinic — monoclinic phase transition.
However the behaviour of the non-symmetry breaking strain components is nearly identical to
the triclinic — monoclinic transition in compounds belonging to the Ca(TixZr;x\)OGeO4 solid
solution. It is convenient for a comparison of the degree of spontaneous lattice distortion due
to phase transitions in different materials to define a total (scalar) spontaneous strain. In the

following Aizu's definition of scalar strain is used (Aizu 1970).

e, =(ze,?)” (20)

The magnitude of e represents a measure of the spontaneous strain.
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Error estimation in the strain analysis

In calculation the uncertainties related to the strain analysis the Gaussian error propagation
law has been applied (Muscat, 2000). The method allows a propagation of the uncertainties on
the data through the calculation of the strain components. To estimate the errors involved in
the strain calculations the error propagation analysis was employed based on the equations for
spontaneous strain given by Carpenter ef al., 1998. First step is to calculate the error of the
individual line fits of the thermal expansion calculated for each lattice constant. Second the
actually error on each of the individual spontaneous strain components are estimated.

It is presumed that the errors involved in the calculated strain components are of the same
order of magnitude irrespective of composition. As a result the calculations were carried out
only for one compound, CaTiO(Ge7(Si30)O4 and transferred to the remaining compounds.

The equations used are:

ole,) =ay o’ (a) +d’a ‘o (a) (1)

o(ey,) = /by (b) + b*by o (by) (22)

For e3; the variance is
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and the error

o(ey;) = A o’ (e33) (24)

For e;; the variance is
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and the error is then the square root of the variance
o(es) = \/O'Z(en) (26)

The error of the scalar strain

o(g)= \/(2611 )2 o’ (e;1)+(2ey, )2 o’ (e3)+(2e3; )2 o’ (e33) +(4ey; )2 o’ (e13) (27)

The calculations have been carried out for all temperatures and are displayed in Figure 1.3.
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Fig. 1.3 CaTiO(Ge,Si30)O4. The spontaneous strain components and the estimated errors applied.
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1.3 Phase transitions and Landau theory

One of the important criteria describing the symmetry change in a phase transition is whether
the transition changes the translational symmetry of the crystal structure. If there is no change
in translational symmetry of the lattice and the unit cell merely changes its shape, no extra
spots will appear in the reciprocal lattice. Transitions of this type are termed zone centre
transitions. If there is a change in the reciprocal due to changes in the translational symmetry
(e.g. change in the lattice type), the boundaries of the Brillouin zone will be affected and new
reciprocal lattice points may appear there. The volume of the first Brillouin zone is the
deciding factor. This type of transition is termed zone boundary transition (Salje, 1993). The
first Brillouin zone defines the short wavelength limits of all wave vectors in the crystal and is
the smallest volume of reciprocal space entirely enclosed by planes that are perpendicular
bisectors of the reciprocal lattice vectors drawn from the origin (Putnis, 1992). The first
Brillouin zone is identical with the Wigner-Seitz Cell of the reciprocal lattice. Both types of
transitions are present in the studied materials. Triclinic compounds across the solid solution
Ca(TixZr1x)OGeO4 exhibit a zone centre transition, while all remaining compounds display a
zone boundary transition in analogy with titanite (Ghose ef al., 1991; Bismayer et al., 1992).
For thermodynamic purposes, the extent of transformation is usually specified in terms of an
order parameter O, which is scaled to vary between zero in the high symmetry phase and unity
in the fully transformed low symmetry phase at 0 K. The spontaneous strain often provides an
indirect measure of this order parameter, and the interaction between es and Q is denoted as
strain/order parameter coupling. Apart from being coupled to the order parameter, the
spontaneous strain can act as the order parameter itself in certain types of structural phase
transitions.

In the case of a zone centre transition the spontaneous strain is proportional to the order
parameter O of the transition, whereas it is proportional to O” in the case of a zone boundary
transition as for titanite (Ghose et al., 1991; Malcherek, 2001). This coupling between strain
and order parameter has been extensively discussed and applied to various materials (Salje,
1993 and Carpenter et al., 1998).

Landau theory describes the excess free energy of a phase transition about 7, as a function of
the order parameter. Based on this free energy derivatives can be obtained, that then describe

various
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thermodynamic quantities, like the order parameter, entropy, heat capacity, etc. The purpose
of Landau theory is to model the thermodynamics of a phase transition. Central to Landau
theory is the concept of an order parameter, which describes the course of a phase transition
i.e. the order parameter is related to the change in some macroscopic property through the
phase transition and therefore describes the deviation of the low temperature phase from that
of the high temperature phase. Formally for the transition to be continuous the symmetry of
the low temperature form must be a subgroup of the high temperature form. It is this
underlying symmetry relationship that allows the order parameter Q to be mathematically
defined (Salje, 1993).

The following discussion is based on reviews by Salje, 1993; Carpenter and Salje, 1998;
Carpenter et al., 1998.

The excess free energy can be expressed in the form of a polynomial expansion of the order

parameter 0. When odd-order terms are absent the excess free energy reduces to
1 I B R
G:EA(T—TC)Q +ZBQ +ECQ +... (28)

The odd order terms are neglected by assuming that the free energy is symmetrical about Q =
0, i.e. it is irrelevant whether Q is positive or negative. This is called a degenerate order
parameter, because of the possible presence of two equivalent ordered states, for example

realized in antiphase domains which are either ordered or anti-ordered.

The above expression allows the order parameter to change continuously between 0 and 1.
However a discontinuity in Q is possible depending on the value of B. When B is negative,
both 4 and C must be positive. The sixth order term is required to obtain a free energy
minimum in the low temperature phase when Q > 0. This will lead to a discontinuity in Q
with temperature and hence the transition is thermodynamically first order. When B is positive
and the sixth order term is negligibly small, the expansion describes a thermodynamically
second order phase transition. The final case is the special case when B = 0 and C > 0. This
transition is called tricritical and represents the intermediate stage between continuous phase

transitions (B > 0) and discontinuous
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phase transitions (B < 0). By definition Q = 1 at 7' = 0. Therefore for a second order phase

. A 1 . . .
transition 27 in equation (28) and Q can be written as

c

o=|r.-ryr]"” (29)
for a tricritical phase transition this relationship becomes

o=(r.-ryr.]" (30)
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1.4 Coupling between the spontaneous strain and the order parameter

Materials, which undergo phase transitions can show large variations in their elastic properties
and the influence of a transition can extend over a wide P, T range on either side of the
transition point. Landau theory provides a basis for predicting the variations of elastic
constants associated with phase transitions in minerals. One has to distinguish between zone
centre and zone boundary transitions. Whether the critical point is at the zone centre or at the
zone boundary is decided purely by symmetry. If the strain is the driving order parameter, as
in proper ferroelastic materials, the transition has to be a zone centre transition, as the crystal
class has to change. However, there may be other types of zone centre transitions, with other
driving order parameters.

First, when the driving order parameter for the transition is a symmetry breaking spontaneous

strain, the total excess energy for the transition is purely elastic and is given by

1 1 1
G otasiic = Ezcikeiek + azcikleiekel +E Zciklmeiekelem +e. (31)
ik

tik.d *ik,m

Equation (31) has the same form as a Landau expansion in which Gexcess = Gelastic- The second-
order elastic constant Cix softens as a linear function of temperature with a slope in the low-
symmetry phase that depends on the thermodynamic character of the transition. Thus strain is
the driving order parameter and the material would be truly ferroelastic. In the limiting case of
proper ferroelastic behaviour, individual elastic constants, or some symmetry-adapted

combination of them, can become very small if not going to zero.

Second, if the driving order parameter, O, is some structural feature other than strain, the

excess energy is given by

G = %a(T—TC)QZ +%bQ4 + 3 Aimael'Q" %2 Cireie (32)
ik

im,n
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Equation (32) describes a transition where a structural feature described by QO (bond
weakening or a rotation of a polyhedron etzc.) drives the phase transition. Strain only arises
due to the coupling energies in the second term of equation (32) and is referred to as the
quadratic coupling term. The order parameter couples with the elastic strain via a coupling
energy that is linear in the strain and quadratic in the order parameter. The elastic energy
contains only the bare (i.e. more or less constant) elastic constants. In contrast the Cy's in
equation (31) vary strongly with temperature and some of them might approach zero values.
The coefficients 4 describes the coupling between Q and e and the last term describes the
elastic energy, where Ci are elastic constants in Voigt notation. ¢ and b determine the Landau
free energy in this example without coupling to the strain.

The effect of coupling, described by the term Ae™Q", is to cause a great diversity of elastic
variations depending on the values of m and n, the thermodynamic character of the transition
and the magnitudes of any non-symmetry-breaking strains. The values of m and » cannot be
deliberately chosen but are constrained by symmetry.

Therefore alternative patterns of elastic - constant variations emerge from the different

transition mechanisms represented by equation (31) and (32).

Zone centre and zone boundary transitions are both present in the studied solid solutions. For
a zone centre transition (i.e. no change in the translational symmetry of the lattice), it is
generally assumed that the linear coupling term between the strain and the order parameter is
sufficient (e © @), and hence the quadratic coupling term in equation (33) is negligible. If a
zone centre transition is allowed by symmetry, it follows that all higher order couplings are
also symmetry allowed. No bilinear coupling can occur if the symmetry properties of QO and e

are different.

The triclinic compounds within the solid solution Ca(TixZr;x)OGeO4 exhibit a zone centre
transition. The triclinic distortion gives rises to symmetry breaking spontaneous strain
components ej; and ep; in the low temperature phase. It is presumed that the symmetry-
adapted spontaneous strain tensor is only required to contain the strain elements e, and ey; (e
and e4 in Voigt notation) in the standard crystallographic setting, giving e»3 o ej; © Q as the
expected strain/order parameter relationship. A linear variation of e,3” is consistent with the
expected es” Q? T relationship. The symmetry-breaking strain component e; = 2ey3 is

taken to be the driving order parameter with es = 2e;, as being linearly coupled to it.
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Therefore for a transition with second-order character and with e4 as the order parameter, the

elastic energy can be written in the form of a Landau expansion (Gexcess = Gelastic) as
1 1 1
G=Ea(T—TC)ef +Zbej +5C'gﬁe§ +Che,eq (33)

In equilibrium there must be no residual stresses in the crystal, and therefore the free energy

must be at a minimum with respect to the strain.

oG
a_ =0= Cgsee + Cé(l)ee4 (34)
€6
Solving for es yields
Cis
e, =——_-¢ (35)
6 C66 4

Substituting for es in equation (33) gives

2

1 2 Loy 1 o Cy 0 Cis
G=—a(T-T)e, +—be, +—C | ——>e, | +C e, ——e 34

2( 4)444266( C264 46€4 C264 (34)
|}

02

Gzla T—TC—C%0 ef+lbei (35)

2 aCygg 4

g

1 Ao 1o

G =5a(T—Tc % v be; (36)

where the renormalized critical temperature is given as

02
ﬁ=n+?% (37)
66
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Equation (37) is equivalent to the standard Landau polynomial for a second order phase

transition. Thus the temperature evolution of the squared order parameter follows as

e =(e2)2[1— fJ (38)

c

(e))* is the saturation value of the squared order parameter at low temperatures. The strain
therefore has the effect of changing the transition temperature to a renormalized transition
temperature 7, .

Malcherek and Bosenick, 2004 described this coupling between the order parameter and the
spontaneous strain using CaGe,Os and concluded that the same formalism may also be
applied to CaZrOGeO4 (Malcherek and Ellemann-Olesen, 2004). The order parameter can be

measured by the strain component e,3 and demonstrates a linearity of the square of the scalar

strain Ze; with temperature. The formalism used to describe CaGe,Os is such that the strain

itself is taken as the driving order parameter with strain only coupled to it, but the data do no
allow such distinction to be made. Therefore the model with strain as the order parameter was
just the simplest model that fit the data. This is true also in the case of CaZrOGeOs,.

When a transition does involve a change in the translational symmetry it is termed a zone
boundary transition. Ghose et al., 1991 presented an order parameter treatment of the
transition in titanite with the Ti-displacement as the primary order parameter. In this case only
the quadratic coupling term is affected. The order parameter couples with the elastic strain via
a coupling energy that is linear in the strain and quadratic in the order parameter (e « Q). The
critical point is the zone boundary point (0-)2)2) on the surface of the Brillouin zone of the
high temperature phase. The volume of the Brillouin zone of the 4-centered high-temperature
phase is twice the volume of the low-temperature Brillouin zone. The geometrical relation of
the Brillouin zones of both phases is shown in Figure 1.4.

During the breaking of the translational symmetry the critical Z-point of the high-temperature

Brillouin zone transforms to the origin (/-point) of the low-temperature Brillouin zone.
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Fig. 1.4 First Brillouin zone and reciprocal lattice points on the (0k/) plane. Full circles represent the
A2/a lattice with corresponding Brillouin zones indicated by the solid lines. Open circles
show new reciprocal lattice points for the P2,/a structure with corresponding Brillouin zones
as drawn by the broken lines (After Bismayer et al., 1992).

Compounds along the solid solutions (Ca,Sr;4)TiOGeO4 and CaTiO(GeSi;)O4 exhibit a
zone boundary transition as the symmetry changes from P2,/a to A2/a. This is true also for the

monoclinic compounds across Ca(TixZr;x)OGeOs.
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15 X—ray powder diffraction

X-ray powder diffraction is a powerful tool for identification and characterization of minerals
and other crystalline materials as well as crystal analysis. The application of the Rietveld
refinement method (Rietveld, 1967; 1969), which at least in part circumvents the peak overlap
problem, has yielded successful refinements for an increasing number of crystal structures
using powder XRD data. The present work is based on powder diffraction both at ambient and
elevated temperatures in order to characterize the studied solid solutions. Rietveld and LeBail
methods for the analysis of lattice strain and structural studies have been extensively
employed. The Rietveld method has been applied only for data collected under ambient
conditions, while the LeBail method was used for all measurements at elevated temperatures

in order to extract accurate lattice constants.

There are many ways of detecting and recording X-ray powder diffraction patterns, but the
geometric set-up is the same in each case. The X-rays diverge from the tube and in order to
only strike the specimen they are collimated and directed onto the sample using a divergence
slit. When the diffraction angle 0 is a correct Bragg angle for reflection for a particular set of
(hkl) planes, reflections occur from all those crystals in the specimen, which are in the right
orientation. A detector detects the X-ray signal. The function of the detector is to convert the
individual X-ray photons into voltage pulses that are counted and/or integrated by the
counting equipment, allowing visual indication of X-ray intensity to be obtained (Langford

and Louér, 1996). The schematic set-up is displayed in Figure 1.5.

fljl section of sample detector

detector

diffracted bea parallel ikl planes
0 O
X-ray tube sample X-ray tube —:[ SEQ

Fig. 1.5 Schematic representation of the X-ray powder method (After Gottstein, 2001).
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The diffraction principle developed by Bragg is the most general and powerful diffraction
theory (Fig. 1.6) (Ladd and Palmer, 1978; Putnis, 1992). The most common application of the
Bragg equation is in the interpretation of X-ray diffraction patterns from powdered crystals.
Bragg realized that X-rays scattered by all the lattice points in a plane (4k/) must be in phase
for the Laue equations to be satisfied, and further, that scattering from successive (4k/) planes
must also be in phase. In other words, Bragg found that the diffraction pattern could be
explained as if they were produced by reflection of X-rays from (4k/) planes, but only when

the Bragg equation is satisfied. The condition for diffraction maxima is that

2dhkl sin 0 = nA (39)

The integer n refers to the order of the diffracted beam A is the wavelength of the incident X-
ray beam d is the distance between adjacent planes of atoms (the d-spacings) and 0 is the

angle of incidence of the X-ray beam.

Fig. 1.6 The condition for Bragg reflection from planes ikl with spacing dy. (After Putnis, 1992).

Therefore by measuring the angles at which a specific characteristic X-ray wavelength A is
diffracted the interplanar spacing d can be related to the diffraction angle 6 by the Bragg law
(Reynolds, 1989). The characteristic set of d-spacings generated in a typical X-ray scan
therefore provides a unique "fingerprint" of the mineral or minerals present in a sample. For
each set of planes (4k/) in the sample there will be sufficient at a Bragg angle 0 to satisfy the
Bragg equation. In a random sample these planes will be present in every angular orientation
around the incident beam axis (Giacovazzo, 1992; Jenkins, 1989a).

Each diffracted beam can be viewed as a wave with a characteristic amplitude and phase

called the structure factor F(%kl). The structure factor is derived by summing the waves
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diffracted by each of the atoms in the unit cell for each ikl reflection. The general expression

is given according to Langford and Louér, 1996

N
Fyy =D fyexp2zi(hx, +hky, +1z,) (40)

r=1

The structure factor for the set of planes concerned is thus obtained by summing the waves
diffracted by each of the N atoms in the cell. Its amplitude is given by f;, the scattering factor
for the rth atom and its relative phase by the rest of the term in which x; etc., are the fractional
coordinates. The value of f; depends on the scattering angle at which the reflection occurs

(Langford and Louér, 1996).

A diffraction pattern is made up of diffraction peaks superimposed upon background. The
desired peaks arise from diffraction of the assumed experimental wavelength. The background
arises from coherent and incoherent scattering from the specimen, air scatter, and (especially
at low values of 20) scatter from the sample support. That is, if the divergence slit is set too
large and the sample support is irradiated as well. According to Reynolds, 1989 and Jenkins,

1989a essentially three types of information can be derived from powder diffraction patterns:

a) Angular position depending on geometry and contents of unit cell.
b) Intensities depending mainly on atom type, arrangement and particle orientation.
c) Shape, depending on instrument broadening, particle dimension and strain.

The major sources of error encountered in powder diffractometer experiments are (Jenkins,

1989ab and Reynolds, 1989):

a) Systematic errors in the experimental positions of the diffraction lines due to
inherent aberrations, including axial divergence. The errors are angle dependent
and are observed as an increasing relative error in d-spacing as the diffraction
angle is decreased.

b) Systematic errors in the experimental 20 maxima due to displacement of the
specimen surface from the goniometer-focusing circle and due to specimen

transparency.
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c) Line profile shapes may be asymmetrically distorted at lower 20 angles. The
amount of distortion increases as the axial divergence of the collimator increase.
d) The relative intensities are dependent on particle orientation.

e) Intensities differ depending upon the selection of the divergence slit aperture.

For indexing purposes, the intensities of the peaks are irrelevant, but for identification or for
structure analysis, accurate relative intensities are essential. There are three commonly
ignored factors, which can severely affect the relative peak intensities: 1) sample thickness, 2)
preferred orientation, and 3) divergence slit(s). However, for routine use of the powder
diffractometer, probably the biggest source of experimental error is that due to the specimen
preparation (Jenkins, 1989a; Gonzalez, 1987). The ideal specimen for X-ray powder
diffraction analysis is completely homogeneous over the distance diameter of less than 10 um,
has constant particle size of between 1 — 10 um, and shows no preferred orientation or strain.
Ideally oriented specimens may be difficult to obtain in practice thus it is important to realize
what problems are likely to arise if the specimen deviates from this ideal state. Problems
encountered with coarse grain size include extinction, particle statistics and micro absorption.
If crystals are finely ground so that a very large number of them are randomly oriented, then
somewhere in the powder many crystal fragments are suitably aligned to produce diffraction
peaks as the diffractometer detector scans over the appropriate angles of 20.

Bish and Reynolds, 1989 discuss the ideal powder sample. The X-ray powder diffraction
method generally assumes that one has an infinitely thick powder sample. This means that the
sample must be thick enough so that essentially all of the incident X-ray beam interacts with
the sample and does not pass through it. Due to the variable angle of incidence of the X-ray
beam in the sample, the minimum required thickness varies with diffraction angle. In addition
the minimum thickness is dependent on packing density of the sample. Attention to sample
packing is important because diffraction occurs from a volume of sample, not just the surface.
Ideally in Bragg-Brentano geometry diffraction should stem only from the surface, as only
this is located on the focusing circle, but due to sample transparency this condition may be
violated. Loose sample packing can give rise to transparency effects in addition to those
related intrinsically to the sample. The surface of the sample should be flat, with no roughness
or curvature and not tilted in any direction. Any roughness or curvature has the potential to
produce systematic deviations in the positions and breadths of observed reflections related to

sample-height-displacement and flat specimen errors. Sample tilting should be avoided
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because it changes the angular relationship between the receiving slit and the sample surface
and can give rise to systematic errors in intensity and peak breadth (Bish and Reynolds, 1989).
Preparation of the powder samples used in this study was carried out with care and was
standardized to avoid large differences between individual samples and to achieve a satisfying
sample packing and a finely ground sample with a smooth surface.

The function of the divergence slit is to limit the lateral divergence of the X-ray beam so that
as much of the sample surface is irradiated as possible, but at the same time avoiding
irradiation of the sample support (Langford and Louér, 1996; Jenkins, 1989a). At low angles,
the X-ray beam is spread over a larger surface of the specimen than it is at high angles. To
ensure that the X-rays interact only with the sample (and not the edges of the specimen
holder) a slit is inserted between the X-ray source and the sample to confine the beam to the
sample (divergence slit). In many laboratories, data are recorded using a relatively wide single
slit that is appropriate for higher angle data, but not for the lower 20 values. In such a
measurement, the relative intensities of the low angle peaks will appear to be too low, because
only a part of the X-ray beam interacts with the sample. The divergence slit on the Philips
Xpert diffractometer used at the Institute of Mineralogy, Miinster was constant.

Absorption is an error inherent in the crystal and affects the measured intensity (McKie and
McKie, 1986). It arises when an X-ray beam travels through a sample. Its intensity decreases
with the distance traveled through the substance. The fractional decrease in intensity / of an

X-ray beam as it passes through a substance is proportional to the distance traversed by the

beam, x
-2 pox (41)

where u is the linear absorption coefficient. This constant is dependent on the material

properties, its density and the wavelength of x-rays. Integrating this equation gives

I, =1, exp(—ux) (42)

where I, = intensity of incident beam, and /; = intensity of transmitted beam after passing
through distance x.
For specimens with high surface roughness, an angle-dependent decrease of the intensities is

observed, which is caused by micro-absorption of the X-rays due to the microstructure of the
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powder sample. Surface roughness can strongly reduce the intensity of Bragg reflections at
low scattering angles and is caused by a gradient in the sample packing density as a function
of depth. Samples with high absorption are more susceptible to surface roughness effects and
if not corrected can yield negative temperature factors in the crystal structure results. In a
Rietveld analysis, the thermal parameters are strongly influenced and correlated by this effect
and may tend to negative values. Therefore the surface roughness can be one very important
source to negative thermal parameters. Due to the occasional negative values of atom
displacement parameters a surface roughness correction was therefore applied for Rietveld
refinements at ambient temperatures. A normalized form of the function described by Pitschke
et al., 1993a has being used with success for refined samples with moderate surface
roughness. Pitschke et al., 1993b presented a model for surface roughness corrections and
tests in Rietveld refinements. A significant sample displacement, s observed in all refinements
(Fig. 1.7), is mainly caused by temperature expansion of the Al,O3 sample stage. The absolute
value of this displacement is given by S, = -stR/36000, with the diffractometer radius R = 230

mm. The sample displacement exhibits a near linear behaviour as a function of temperature.
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Fig. 1.7 Sample displacement of SrTiOGeO, as a function of annealing temperature.

Analysis of a crystal structure using the Rietveld profile technique requires a suitable
description of the shape of the peaks. The functions used for peak asymmetry, however, are

semi-empirical and take very little account of diffraction optics. Axial divergence of the
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incident beam is a non-spectral contribution to the instrumental profile, depending on the
instrumental arrangement and causes a substantial asymmetry in the profile, particularly at the
lowest angles.

The intersection of the diffraction cone with the detector cylinder is an ellipse. The curvature
is forms leads to a peak asymmetry, because intensity from the ends of the intercepted piece
of the diffraction cone will intersect the detector slit on the side of the peak closer to the
centre of the ellipse but not the other side.

The function most commonly used to correct for axial divergence is the empirical split-
Pearson-VII function. This approach is successful for describing modest asymmetry but
cannot explain the long low-angle tails for the case of significant asymmetry. Finger et al.,
1994 describe a more physical realistic model based on the a modification of the
implementation of powder diffraction profile formulations devised by van Laar and Yelon,
1984. Finger et al., 1994 extended the treatment of van Laar and Yelon, 1984 to the case
where the sample length is larger than that of the detector slit. Their resulting profile function
has been incorporated into the GSAS program.

Diffraction line broadening is a common feature in diffraction profiles. There are two
categories of structural imperfections, which give rise to broadening of reflection profiles. In
general, sample induced line broadening includes contributions, which are independent of d*,
known as size effects, and which depend on d*, known as strain effects. Size effects can relate
to a sub-domain structure or to the mean thickness of individual crystallites. The second
category is based on the distortion of the crystal lattice, which amounts to a variation of d-
spacing within domains. This can arise from microstrain, due to an applied or residual stress,
or from a compositional gradient in the sample. It is not possible to distinguish between these
effects from diffraction data, but the distinction is usually evident from the nature of the
sample. An anisotropic apparent strain-like diffraction line broadening occurs in the studied
solid solutions. Especially samples with mixed composition show a pronounced line
broadening. Thompson et al., 1987 expressed microstrain as a function of hkl. The hkl
dependent nature of the strain broadening was modelled by means of ellipsoids and Fourier
series and employed to represent line profiles. The number of microstructural parameters to be
refined is restricted by adopting a Lorentzian function of size contributions and an
intermediate Lorentz-Gauss function for strain broadening. The contribution a given reflection
makes to the total profile intensity depends on the shape function for that reflection profile, its

width coefficients and the displacement of the peak from the profile position.
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1.6 Profile fitting of powder diffraction patterns

There are two approaches to the modelling of a complete diffraction pattern. In one, pattern
decomposition, the superposition of analytical line profile functions and a suitable background
model are fitted to the observed data and in the other, the Rietveld method, information on
crystal structure is included. The Rietveld method employs the entire powder diffraction
pattern, thereby overcoming the problem of peak overlap and allowing the maximum amount
of information to be extracted from the pattern (Rietveld, 1967, 1969). In the Rietveld
method, each data point (20 step) is an observation, and during the refinement procedure,
structural parameters (such as atom positions, temperature- and occupancy factors),
background coefficients, and profile parameters are varied in a least-squares procedure until
the calculated powder profile, based on the structure model best matches the observed pattern.
One of the important strengths of the Rietveld method is the capability of refining precise and
accurate unit cell parameters. However, a limitation of the Rietveld method is that one must
start with a model that is a reasonable approximation of the actual structure.

Many applications of powder diffraction do not require knowledge of the crystal structure and
in such case a diffraction pattern can be characterized adequately by pattern decomposition
where the aim is to obtain quantities, which describe each individual Bragg reflection (LeBail
et al., 1988; Toraya, 1986). The LeBail method extracts structure factors from powder
diffraction data by iterating full pattern profile fitting. The LeBail method involves only a
rough estimate of the cell parameters, valid space group symmetry, background coefficients
and an approximation of the peak shape profile, which are varied along with the lattice
parameters. Therefore the LeBail method is an intensity extraction method employing an
iterative fitting procedure. This is a rapid and efficient approach to total pattern decomposition
by using space group constraints on Bragg reflection positions. It is based on a simple
modification to the approximate procedure used by Rietveld, 1969 for the extraction of
integrated intensities. The method can be described as extracting Fous’s by iterating the
Rietveld decomposition formula starting from a set of arbitrarily identical F’s. An arbitrary set
of structure factors is used, as input to obtain an initial set of Fys’s, while only the lattice and
profile parameters are being refined. On subsequent least-squares cycles the set of Fgps's
extracted from one cycle are used as the Fc,’s for the next. The refinement is repeated until

the best fit between observed and calculated patterns is achieved. In this way a set of Fops
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magnitudes can be obtained even in the absence of a structural model (Langford and Louér,
1996).

In the presented work lattice parameters and structural parameters were determined using the
Rietveld and LeBail methods as implemented in the GSAS program package (Larson and Von
Dreele, 1994; Toby, 2001). Rietveld refinements were applied at room temperature only. The
isotropic thermal parameters of the oxygen atoms had to be constrained to the same value in
order to obtain positive definite thermal parameters for all atoms. The unit cell parameters at

elevated temperatures were determined using the LeBail method.

A major advantage of modern powder diffraction is the possibility to fit the entire observed
diffraction pattern in order to overcome the problem of line overlap and to obtain parameters,
which define each reflection (Will et al., 1983). Parameters defining the model are refined
using a least squares minimization procedure. The quantity that is minimized by the least

squares procedure is

R=%w,(Yy-Y,)’ (43)

where Y is the observed intensity and Y. the calculated intensity at step i and w; is the weight
assigned to each step intensity. The minimization is performed over all of the data points in
the diffraction pattern. The observed intensity at each step in a diffraction pattern consists of a
contribution from Bragg reflections at that step plus background. Therefore it is essential in
any Rietveld refinement to describe the background accurately. GSAS offers approximately
10 different background functions (not all are implemented in EXPGUI). For each of these
functions, the number of terms to be used is adjustable. The more terms the more complex the
shape that can be fit. Each of these background functions has different shapes, and in theory,
each function will have advantages under different circumstances. However the Shifted
Chebyschev function (type #1) is preferable to the others for the vast majority of Rietveld
refinements. The Bragg reflections are superimposed on a slowly varying background due to
incoherent scattering, which mainly arises from thermal diffuse scattering, Compton scattering
and, if the energy of the incident radiation is sufficiently high, fluorescence from the sample
(Howard and Preston, 1989). One of the major background contributions is scattering from

air, unless the diffractometer is run under vacuum conditions.
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The Bragg reflections are spread out over a finite range of scattering angles. The intensity of
the Bragg peaks varies as a function of crystal structure and preferred orientation. Therefore
the intensities are determined by the atom positions and other structure parameters but can be
affected by other factors such as absorption, extinction and preferred orientation of particles in
the sample. During a Rietveld refinement, the calculated intensity Yi. at point i in the

diffraction pattern is determined according to
k2

Y=Y, + kzk Gyl (44)
=kl

Yiy 1s the background intensity, Gix is the normalized peak profile function, /g is the integrated
Bragg intensity, and kl...k2 are the reflections contributing intensity to point i (Hill and

Madsen, 1987). The integrated Bragg intensity I, is given by
I, =sm,(LP), Fy, (45)

where s is the scale factor, my is the multiplicity and (LP)y is the Lorentz-polarization factor

and Fyy 1s the structure factor.

The shape of the Bragg peaks in powder XRD patterns deviate significantly from Gaussian
and therefore a more complex function is required to accurately describe their profiles. The
peak shape is a function of the divergence of the incident beam, various aberrations of the
diffractometer, sample displacement, axial divergence, microstructure of the sample (e.g.
microstrain, crystallite size). Therefore the peak shape is a complex convolution of several
sample and instrumental effects and can vary significantly depending on the data collection
geometry and type of sample (Langford and Louér, 1996). Young and Wiles, 1982 concluded
that pseudo-Voigt and Pearson VII profile functions were best suited. In a Rietveld refinement
the widths of the Bragg maxima in powder XRD patterns are typically modelled as a function
that is quadratic in tan 0 and gives the full width at one half of the maximum peak height

(FWHM) as a function of the diffraction angle.

H? =Utan’ @+V tan@ + W (46)
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This function is termed a Caglioti function. H is the FWHM and U, V' and W are refineable
parameters. The values of U, V' and W depend on the instrumental configuration and choice of
profile shape function. The peak width expression, however, does not readily accommodate
broadening that is a function of crystallographic direction (Young, 1993). The Rietveld
package GSAS (Larson and Von Dreele, 1994) uses a modification of the pseudo-Voigt
described by Thompson et al., 1987 to accommodate anisotropic Lorentzian strain and
crystallite size broadening. The primary objective of profile fitting is to fit a numerical
function, specially referred to as a profile shape function to a measured diffraction line. Profile

shape functions are described by three parameters (Will ez al., 1983):

a) The line position 20y
b) A peak or integrated line intensity /o
c) The line width expressed as the full-width at half maximum intensity FWHM or Hy

Most of the commonly used profile shape functions are symmetrical about the nominal Bragg
peak positions. A variety of instrumental and sample effects, as axial divergence of the X-ray
beam and structure disorder in the sample, give rise to pronounced asymmetry in the observed
peak shape, especially at low diffraction angles. As a consequence most Rietveld refinement
programs include as a variable a semi empirical asymmetry correction term (Klug and
Alexander, 1974). This factor corrects primarily asymmetry at low angles caused by the axial
divergence in the X-ray beam and does not affect the integrated intensity but will shift the

apparent peak position.

For the triclinic compounds Ca(Tij0Zre9)OGeOs and Ca(TizZrg)OGeOs and at ambient
temperatures peak profiles were modelled using profile function #2, which employs a multi-
term Simpson’s rule integration (Howard, 1982) of the pseudo-Voigt function described by
Thompson et al., 1987. This function gives a better fit to asymmetric profiles than profile
function #1 and shows less correlation with the lattice parameters. However it is less qualified
when treating the reflection asymmetry at low angles (26 < 10°) due to axial divergence.
Profile function #2 was only used for the data collected with the Philips diffractometer in
Heidelberg.

The profile function #3 has been applied to all remaining compounds at ambient and elevated

temperatures. The third CW (constant wavelength) profile function is a similar variation of
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the pseudo-Voigt function used in the second function. However, it uses a much more
successful description of the peak asymmetry due to axial divergence described by Finger et
al., 1994. The functional form of the pseudo-Voigt used in this function is exactly the same as
used in the second CW function, but this function gives a far better fit to asymmetric profiles
than either of the first two functions. This CW profile function is described only by the two
ratios, H/L and S/L, which can be specified exactly from the diffractometer geometry. H/L
and S/L can be refined when diffraction data of sufficiently low 26 are present. The Gaussian

variance of the peak, o7, varies with 20 as

2 _ 2 P
o” =Utan 0+Vtan0+W+%osze (47)

where U, V and W are the coefficients described by Cagliotti et al., 1958 and P is the Scherrer
coefficient for Gaussian broadening. The coefficients U, V, W and P are within GSAS named
GU, GV, GW and GP, respectively. Peak displacement errors are accounted for by varying the
Lorentzian profile coefficients LX (particle size), LY (microstrain) and shft (sample

displacement).

The coefficients from a CW powder profile function can also be interpreted to give both strain
and particle size information. Line broadening due to microstrain is related in real space to 20

broadening from

Ad—d = A26cot 6 = constant (48) or A20 = (Ad—dj tan @ (49)

In this expression A20 is in radians. Examination of the expression for the Gaussian
broadening (equation 47) indicates that the first term contains a strain-broadening component.
This is a variance and the instrument contribution can be subtracted off. The variance is in

centideg” and must be converted to radians to yield strain, thus

-7 n2)U —U.)100°
S 180001/(8n YU —U,)100% (50)

Alternatively, the Lorentzian component of a CW peak shape has the expression
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_ X+ X cosg
cosé

+(Y +Y,cos¢)tand (51)
The strain term varies with tan 6. Any instrumental or spectral contribution can be subtracted
to yield the strain component. This is in centidegree and is already a full width at half

maximum so the strain is

52
~ 18000 (52)

Figure 1.8 displays the results of the refinement of the compounds Ca(Ti;0Zr90)OGeO4 above

the monoclinic — triclinic phase transition and Ca(Ti;0Zr99)OGeO4 below T, exhibiting the

triclinic symmetry Al .
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Fig. 1.8 The results of a refinement using the LeBail Method. (a) Ca(Ti;¢Zre9)OGeO, at 598 K
with SG symmetry A2/a (b) Ca(Ti 0Zrep)OGeOy at 373 K with SG symmetry Al. The
observed profile is shown as red crosses and the calculated profile as a smooth green
curve. Points appearing at the bottom show the differences between the observed and
calculated intensities. Tick marks below the profile indicate the positions of the
allowed peaks.
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1.7 Transmission electron microscopy

Of the many techniques that have been applied to the study of crystal microstructures and
defects, probably no single technique has contributed more to our understanding of their
nature, properties and influence on the physical and chemical properties of crystalline
materials than transmission electron microscopy (TEM).

Synthetic CaTiOGeOy single crystals were prepared for TEM to detect the behaviour of diffuse
scattering with increasing temperature. Furthermore an examination of the antiphase domains

in CaTi0OGeQ4 was carried out.

The illuminating system of the TEM is based upon the use of electromagnetic lenses. Such
lenses have the useful characteristic that their focal lengths and thus magnifications can be
varied smoothly and almost continuously by altering the electric currents (McLaren, 1992).

Scattering of the incident electron beam by an object forms the TEM images (Fig. 1.9). The
scattering radiation passes through the objective lens. This lens, immediately below the
specimen, collects and focuses the diffraction pattern to form the primary image that is
subsequently magnified by additional lenses to form a highly magnified final image. In the
process of forming the primary image, the objective lens produces a diffraction pattern on the
back focal plane of the objective lens. This diffraction pattern is the Fourier transform of the
scattered electron wave. Apertures of various sizes inserted into the back focal plane control
how much of the diffraction pattern passes on to contribute to the image. The widely diffracted
beams carry the information about the fine detail of the scattering matter in the object, and
hence must be collected to achieve a high resolution in the image. The projector lenses control
the magnification of the image formed on the fluorescent viewing screen. Each lens
successively magnifies the specimen until a highly magnified image results at the final image
plane. The electrons generated in the heated filament are accelerated in our case at 300 kV and
is focused by the condenser lenses into the specimen. By changing the strength of these lenses
(altering the lens current) either the diffraction pattern or the image can be focused on the
screen. Thus to view the diffraction pattern the imaging system lenses is adjusted so that the
back focal plane of the objective lens acts as the object plane for the intermediate lens. To

view the image the intermediate lens is readjusted so that its object plane is the image plane of
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the objective lens. In each case therefore the intermediate lens selects the back focal plane of

the objective lens as its object (Williams and Carter, 1996; McLaren, 1992).
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L C1 Condenser lens
C1 Aperture e Mo

<aieTRE R C2 Condenser lens
C2 Aperture —_— ——
Specimen =

o Objective lens
Objective aperture —— | ——
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aperture crel Diffraction lens

s Intermediate lens
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Viewing screen —tr

LT ANEN eSO Photographic film
Video camera D

Fig. 1.9 Schematic representation of a transmission electron microscope (After McLaren, 1992).

Spherical aberration, chromatic aberration and astigmatism belong to the group of lens defects
that limit the microscope performance in substantial ways. Spherical aberration is caused by
the lens field acting inhomogeneously on the off-axis rays and is largely determined by the
lens design. Spherical aberration degrades the image that is viewed in a TEM and as a result
the magnification in the center of the lens differs from that at the edges. Chromatic aberration
is related to variations of the magnification of the lens with the wavelength of the electrons in
the beam. Producing thin samples can reduce chromatic aberration. Astigmatism is the most
common defect in the TEM illumination system and arises when the electrons sense a non-
uniform magnetic field as they spiral round the optic axis or because the final condenser

limiting aperture is misaligned, thus deflecting the beam (Williams and Carter, 1996).
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Although the principles of diffraction are identical in X-ray diffraction and electron diffraction,
there are prominent differences arising from the contrasting character of X-radiation versus
electron radiation (Buseck, 1992). The most prominent difference is that electrons can be
focused, while X-rays except in very special cases, cannot. Also electrons can be focused into
narrow, high intensity beams that permit measurements confined to small specimen volumes,
i.e. at high spatial resolutions.

In addition the ease of obtaining diffraction patterns by the two methods differ greatly. X-rays
interact with and are diffracted by orbital electrons, whereas electrons interact with and are
diffracted by the electrostatic potential arising from both orbital electrons and the atomic
nuclei. The result of this strong interaction is that electron scattering is far more efficient than
for X-rays. Electrons have far shorter wavelengths than X-rays, and that difference greatly
affects the diffraction conditions. It follows from the Bragg equation (nA = 2d sin 0) that a
decrease in A results in a corresponding decrease in diffraction angles and so Bragg angles for
diffraction are far smaller for electrons that for X-rays. A consequence of the difference in
wavelength between X-rays and electrons is that the sphere of reflection (the Ewald sphere,
relating real and reciprocal space) is far larger for electrons than for X-rays, and so diffraction
patterns can be obtained much more simply with electrons than for X-rays. With the TEM the
radius of the sphere is so large and the crystal so thin, that the image plane is essentially
tangent over a large region of reciprocal space and many diffraction spots can normally be
recorded without any detector motion. That in combination with the strong diffraction effects
that occur with electrons means that planes through reciprocal space can be viewed almost
instantaneously when operating in electron diffraction mode (Putnis, 1992; Williams and

Carter, 1996).

The basic TEM operation, SAD (selected-area diffraction) has been applied extensively. SAD
patterns are sharply focused spot patterns, which is used to obtain a diffraction pattern with a
parallel beam of electrons. The aperture is inserted into the image plane of the objective lens.
Therefore the aperture will only permit electrons that pass through it to hit the specimen. A
SAD pattern forms the basis of bright-field (BF) and dark-field (DF) imaging.

In conventional electron microscopy amplitude contrast is produced by excluding significant
fractions of electrons from reaching the image. Amplitude contrast results from a filtering
process whereby some of the electrons from the incoming beam are unable to reach the image

plane. These electrons that are extracted from the exiting beam decrease the image intensity,
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and therefore the amplitude is reduced. In low-resolution (normal) bright-field electron
microscopy, only the direct electron beam is allowed to reach the image plane. Insertion of an
objective lens aperture excludes some of this scattered radiation, giving rise to strong
amplitude contrast. In dark field electron microscopy (Fig. 1.11a), the direct electron beam is
excluded from the image plane, and only one or more scattered beams are allowed to pass

through the objective lens aperture (Buseck, 1992; Williams and Carter, 1996).

Previous work on titanite using TEM include: Van Heurck et al., 1991; Higgins and Ribbe,
1976; Troitzsch et al., 1999. Van Heurck et al., 1991 investigated the paraelectric —
antiferroelectric phase transition. They examined the disappearance of the £ + / = 2n + 1
characterizing the P2,/a space group as a function of temperature as well as the dynamical
behaviour of the antiphase domains. Troitzsch ef al., 1999 studied the crystal structural
changes in titanite along the join TiO-AlF. They examined the change in space group from
P2,/a to A2/a with increasing Al and F in binary titanite solid solution. In all diffraction
patterns reflections k£ + / = 2n + 1 are absent, indicating an A-centered symmetry. Troitzsch et
al., 1999 concluded that the change in space group in Ca(Ti,Al)(O,F)SiO4 has to occur
between X1 = 0 and X, = 0.18. These observations are in agreement with previous studies
based on natural titanite, containing substituents Fe and OH in addition to Al and F. Higgins
and Ribbe, 1976 observed the disappearance of diffuse k£ + [ = 2n + 1 reflections in natural

titanite to be in the range of Xjire = 0.08 and Xajipe = 0.21.

The behaviour of antiphase domains in CaTiOGeO4 as a function of temperature has been
examined. Titanite (Van Heurck et al.,, 1991) and CaTiOGeO4 here examined are both
characterized by antiphase domains. Antiphase domain structures form whenever a phase
transformation involves a loss of translational symmetry (Nord, 1992). This may be due to
either displacive transitions or to cation ordering processes. The geometrical relationship of
one domain to another is a function of the point symmetry (twin domains) or translation
symmetry (antiphase domains) that are lost during the transformation. Figure 1.10 illustrates

the formation of antiphase domains in titanite.
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Fig. 1.10 Schematic diagram illustrating the formation of antiphase domains in titanite showing the
chains of Ti-octahedra parallel to a. The dark and light chains represent those above and
below the plane of the drawing, respectively. The arrows represent the direction of the Ti-
displacement. Domains in opposite orientations are located on each side of the line through
the figure (After Taylor and Brown, 1976).

The structure and orientation of antiphase domains (APD’s) are identical; the only difference is
a translation across the antiphase domain boundary (APB). When translation symmetry is lost
extra spots are observed in the electron diffraction pattern that either occupy positions that are
systematically absent in the disordered phase or as extra spots that change the volume of the
unit cell. In the case of titanite the reflection k£ + / = odd are absent in the high temperature
phase (Van Heurck et al., 1991). This is consistent with the A4-centered cell. In the low
temperature primitive cell all reflections must be present, so that reflections with £ + / = odd
appear during the transition.

Antiphase domain boundaries are made visible in the transmission electron microscope
because of a change in the phase of the electron beam as it crosses the boundary. Electron
beams passing through adjacent domains will undergo an identical change in phase and
amplitude. The diffraction contrast will be identical for each domain whether imaged in bright-
field or dark-field conditions as in our case. However, at an inclined boundary between the
domains, the beam is transmitted or diffracted first through one domain and then through the
adjacent domain. Upon crossing the domain boundary the phase of the diffracted beam is
shifted. Under two-beam conditions it is the presence of this phase shift that makes antiphase
domain boundaries visible as a set of fringes parallel to the centre line of the thin specimen

(McLaren, 1992 and Putnis, 1992).
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In titanite and the compound CaTiOGeO, antiphase domains are made visible by the centered
dark field method (CDF). In normal diffraction mode an appropriate superstructure reflection
is selected and antiphase domains can now be viewed when shifting to dark field mode as
described above. The antiphase domains are only visible in dark field using k& + / = odd as the
operating vector (Van Heurck et al., 1991). Electrons selected by the objective aperture travel
off the optic axis (Fig. 1.11ab), since the aperture is displaced to select the scattered electrons.
These off-axis electrons will suffer aberrations and astigmatism and the DF image is difficult
to focus. As a consequence the objective lens strength has to be adjusted. This was done by
adjusting the beam tilt potentiometers above the objective lens so that the incident beam hits
the specimen at an angle equal and opposite to the scattering angle. The scattered electrons

will as a result travel down the optic axis as shown in Figure 1.11c.
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Fig. 1.11 Diagrams showing how the objective lens/aperture are used in combination to produce (a) a
BF image formed from the direct beam (b) a displaced-aperture DF image formed with a
specific off-axis scattered beam and (¢) a CDF image where the incident beam is tilted so
that the scattered beam remains on axis (After Williams and Carter, 1996).

Information with regard to domain microstructures will include the crystallographic
relationship between adjacent domains and the mobility and geometric changes of domain

boundaries or walls with respect to temperature.

Besides the information derived from studying the antiphase domains, we examined the
behaviour of diffuse scattering in CaTiOGeOy4. To detect the behaviour of diffuse scattering
with increasing temperature samples of synthetic CaTiOGeOQy4 single crystals were prepared. A
double tilt heating-holder was used for the in sifu heating electron diffraction experiments in a
300 kV Jeol, JEM-3010 electron microscope. No temperature calibration of the double tilt
holder was carried out prior to the diffraction experiment as no calibration procedures had

been established beforehand. According to Williams and Carter, 1996 heating and straining
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holders, in particular, can produce effects in thin samples that are totally uncharacteristic of the
bulk specimen and should therefore be used with care. Often surface reactions will dominate
internal reactions when inducing phase transformations by heating. The surface may also
prevent grain boundaries from migrating at temperatures where they would do so in the bulk
material.

Electron diffraction patterns were obtained along a number of zones at microscope
temperatures well below and above the transition and in the vicinity of the transition. The
fundamental reflections are k + / = even. These are present in both the high symmetry and low
symmetry phases. The k£ + / = odd reflections are only present in the low temperature phase
P2,/a. Therefore the disappearance or strong streaking of the & + / = odd reflections was used
as an indication that the transition temperature had been reached. At all temperatures the
sample was observed to be stable under the electron beam. The diffraction patterns show two
families of spots: the sharp and intense spots with k + / = even and the weak super-structure
reflections with k£ + [ = odd. As the temperature increases, the diffuse scattering becomes
visible and finally at 7> 7. degenerates to almost continuous streaks elongated along the b*

direction.
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1.8 Single crystal diffraction measurement

Most of our detailed understanding of crystalline materials has resulted from single crystal X-
ray and neutron diffraction experiments. The most common instrument for sampling the
reciprocal lattice is a computer operated four-circle single crystal diffractometer. The essential
geometry of a four-circle diffractometer is shown schematically in Fig 1.12.

The incident X-ray beam and the diffracted beam when oriented for measurement lie in the
horizontal plane, which contains the crystal. The crystal can be rotated about three axes and
the detector about a fourth axis. All four axes intersect at the crystal. The crystal is glued to a

glass fibre, which is mounted on a goniometer head.

\ ¥, rotation O Beam stop
Incident g
) ) Diffracted beam

(Y Counter

rotation

20 rotation

Fig. 1.12 The four-circle single crystal diffractometer. The crystal is centrally mounted in a circular
ring that can be rotated around the three axes, Q (®), ¢ and y (After Putnis, 1992).

The purpose of the three rotation axes: ¢, ¥ and ® is to enable the normal to a selected
reflection plane (4k/) to be brought into the horizontal plane defined by the axes of the
collimator and the detector, so that it is inclined to the incident beam at an angle 90° - 6. The
detector (usually a scintillation counter) is mounted on an arm, which enables it to be rotated

about a vertical axis, designated the 20 axis, coincident with the ® axis and therefore inclined
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in the horizontal plane at 20 to the forward direction of the incident beam. The detector is then
correctly positioned to measure the intensity of the X-ray beam reflected from the selected
(hkl) plane. The instrument is programmed to rotate the crystal, while the detector scans the 26
circle at twice the angular velocity of the crystal in order to keep the Bragg condition satisfied.
That the crystal can be rotated about three axes leads to a degree of flexibility in the way in
which it can be moved into the reflecting position for any given set of (hk/) planes. Once a few
reflections have been located, a consistent unit cell can be identified and the instrument
subsequently set to systematically collect a set of (hk/) reflections and measure their
intensities. Typically several thousand reflections are collected and measured in this way
(Monaco, 1992; Putnis, 1992).

The diffractometer used in this experiment is a CADA4, i.e., it does not have a Eulerian cradle,
but it uses the kappa-geometry, which is different from the standard Eulerian setting shown in
Fig. 1.12. The heart of the CAD4 diffractometer is the kappa goniometer. It carries the
goniometerhead, which keeps the crystal in the centre of the diffractometer. The kappa
goniometer consists of a combination of three parts, bearing the three rotation axes. All axes
intersect in the centre of the diffractometer. The goniometerhead is mounted on the ¢-axis,
which is supported by the kappa block. The kappa block can be rotated about the k-axis being
carried by the omega block. In turn, the omega block can be rotated about the w-axis being
carried by the base plate of the diffractometer. The angle included by the w-axis and the k-axis
(o) is a = 50°. The angle between the k-axis and the ¢-axis is also 50° and the goniometer can
therefore access all directions in y within ca. 100° of the zero position. This geometry gives
enhanced setting flexibility over the traditional Eulerian cradle while simultaneously the
obscuration caused by the mount is drastically diminished. In addition to the goniometer the
diffractometer contains a 20-axis, which supports the detector. The 26-axis coincides with the
w-axis. This enables the detector to describe an arc with radius R around the goniometer in the

horizontal plane.

The data collection and reduction process related to a single crystal experiment is

1. Mounting and centring of the crystal
2. Collection of the initial reflections
3. Determination of the unit cell and orientation matrix
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4. Selecting an appropriate portion of the limiting sphere to collection
5. Collection of data

6. Data reduction and absorption correction

Since crystals usually reflect over the finite width of the Bragg spots and since it is the total
intensity reaching the detector from the given reflection that is required, the crystal is rotated
through the reflecting position about the ® axis at constant speed. The reflection can be
recorded using a pure ® scan i.e., the detector position remains constant while the crystal
rotates about the m-axis, or the reflection can be recorded using a ®-20 scan as in this case.
For accurate intensity measurements it is important both to set the limits of such a scan
correctly for each reflection and to maintain the intensity of the incident beam at a constant
magnitude. The background intensity is estimated from measurements at the limits of a chosen
o scan and subtracted from the peak measurement to yield the integrated intensity of the
reflection.

As the crystal is mounted at random, it is initially necessary to determine the orientation of its
reciprocal lattice relative to the fixed reference axes of the diffractometer. This is done by
defining the orientation matrix and can be achieved by searching a predetermined 6 range for
reflections and then deducing the orientation of the conventional reciprocal unit-cell from the

measured ¢, x and 0 of the recorded reflections (McKie and McKie, 1986).

A prerequisite for determination of a crystal structure is the collection of a set of structure

amplitudes |F (hkl)| for as many independent reflections as possible together with an

assessment of the accuracy of each measurement. The measured intensities (corrected for any
background intensity) must be converted into a consistent set of structure factors. The process
of obtaining structure factors from intensity data is called data reduction. During data
reduction, all of the symmetry-equivalent intensity data are merged to form a single set of

structure factor data using the following relationship

F> =Y 0,F 1) o, (53)

where the summations are over the set of symmetry-equivalent data.
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The structure factor depends on the kinds of atom in the unit cell and the position of the atoms
within the unit cell. Since the space group symmetry gives information about the relative
positions of the atoms, F(#k/l) will become dependent on the symmetry. This holds both for the
phase and amplitude of F(%k/). The intensity for a given (hkl) measured by rotating the crystal

with a uniform angular velocity Q through a reciprocal lattice position is given by
[=1°(2 1Q)V, LpAI V| F (hkD)[* (54)

where, I” is the incident beam intensity, A the wavelength of radiation, Q the rotation velocity
of the crystal, ¥y the volume of the crystal, 4 the absorption factor, V' the volume of the unit
cell, |F(hkl)| is the observed structure factor, L is the Lorentz factor, which depends on the
relative amount of time the peak takes to pass through the Ewald sphere and p is the

polarization factor (Monaco, 1992).

The Lorentz and polarisation factors are both dependent on the experimental conditions of the
intensity measurement and on 0. The Lorentz factor is a geometrical factor concerned with the
passage of the reciprocal lattice point through the reflecting sphere. The Lorentz factor affects
the diffraction strength and describes different speeds with which reflections pass the Ewald
sphere. Reflections that cut through the Ewald sphere will pass through quickly, whereas
reflections that just touch the Ewald sphere will pass through slowly. This difference in time is
corrected by a term called the Lorentz factor. For point detector systems performing either o-

20 or o scan this correction is simply
L =1/(sin 20) (55)

The polarization factor arises because X-rays can be polarized. The crystal, however, does not
reflect waves vibrating in all directions with equal efficiency so the reflected beam will be
partially polarized. This is known to reduce the intensity of the diffracted beam by a factor of
(1+cos*20)/2 and causes the greatest reduction for 20 = 90°, and the least for 20 = 0° or 180°.
The intensities therefore of the reflections at very low and very high Bragg angles are
enhanced relative to those at intermediate values. When the incident beam has been
monochromatized by reflection form a crystal, as in the case of a four-circle diffractometer,

the polarization factor becomes
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1+ cos’ 26, cos” 26
1+cos® 26,

(56)

for the case in which the incident beam and the monochromatized beam lie in the horizontal

plane. 20, is the angle between the incident beam and scattered beams in the monochromator.

Absorption by the crystal of the incident and diffracted X-ray beam affects the intensities and
the directions of the scattered beams. The absorption effects that we have to take into account
are attributable to the inelastic interaction of the X-rays with the atoms in the crystal. This
absorption is related to the path length (t) the X-rays travel through the material and the nature
of the atoms in the crystal as expressed by the absorption coefficient p. The linear absorption
coefficient therefore depends on the composition of the crystal, its density and the wavelength
of the radiation. Since p depends on the density of the absorbing material, it is usually
tabulated as the related function mass absorption coefficient p,, = (W/p). The linear absorption

coefficient is then calculated from the formula

p=pY (P, /100 ul p)=pY (P, /100)u (57)

where the summation is carried out over the n atom types in the cell, and P, is the percent by
mass of the given atom type in the cell.

Absorption of X-rays by the sample is often the most difficult correction to perform. The
extent of absorption depends on the size and shape of the crystal as well as the types and
relative amounts of different atoms in the sample, and the wavelength of radiation used in the
experiment. Also absorption from the sample mount may need to be included in the
correction.

The intensity / of an X-ray beam after it has travelled a distance x through a crystal is given by
I =1, exp(—4x) (58)

where [ is the intensity of the incident beam and p is the linear absorption coefficient of the

crystal and x is the distance through the absorbing medium.
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Single-crystal X-ray diffraction (XRD) data of CaTiOGeO4 were collected at 293 K using an
Enraf-Nonius CAD4 automated four-circle diffractometer with radiation type MoKa. A
suitable crystal of CaTiOGeO4 was selected and examined under a polarizing microscope for
uniform and sharp extinction under crossed polarizers, regular shape and clarity. The quality
of the crystals was checked by X-ray precession photographs prior to the measurement. The
size of the crystal is 0.3 %< 0.2 x 0.15 mm. Figure 1.13 shows the shape and the faces bounding
the chosen crystal.

0.28 mm
0.2 mm
371 121
0.15 mm 116\
0.15 mm

Fig. 1.13 The shape and faces bounding the measured crystal.

An automated search produced a list of centered reflections, i.e., their setting angles. These
reflections were automatically indexed using a set of shortest reciprocal lattice vectors leading
to a first orientation matrix. By transforming the orientation matrix to an appropriate
conventional cell, in this case monoclinic, the reflections were reindexed accordingly. Next
the searched list of reflections was deleted and a set of 24 reflections equally distributed in
reciprocal space was entered by Akl vectors. The new list of reflections was then centered and
the orientation matrix was refined using the new centered setting angles. This procedure
improved the lattice constants and the centering and refinement was repeated several times
until no further decrease in the error of the lattice constants was observed. The final
orientation matrix was used in the data collection to predict the location of the Bragg peaks.
The range of 4, k, / measured was —11 — 10; -14 — 14; 0 — 10 with 0,,x = 35°. The number
of standard reflections was 3, while the number of measured, independent and observed

reflections were 3648, 1704, 1470, respectively.
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Intensity data for CaTiOGeO4 were collected in the ®-20 scan mode. All unique reflections
were classed as observed and Lorentz and polarization (Lp) corrections were carried out.
Based on the observed crystal shape, given by the faces bounding the crystal at a certain
distance to its center, the numerical absorption correction was carried out using the program
X-RED (Stoe & Cie, 1996). The absorption coefficient u was determined to 11.60mm™. After
Lp factors and absorption corrections had been applied to the raw intensity data symmetry

related reflections were merged to generate a set of |F(hkl )| values for use in the determination

of the crystal structure.

The structure was refined using SHELXL97 in space group P2i/a (Sheldrick, 1997).
SHELXL97 uses a conventional structure factor summation and merges equivalents and
eliminates systematic absences. To run SHELXL only two input files are required:
atoms/instructions and reflection data files. The reflection data file (*-*.hkl) contains 4, £, /,
F,” and o(F,). The *-*hkl file is read each time the program is run. Crystal data, refinement
instructions and atom coordinates are all input in the file *-*.ins. After each refinement cycle a
file *-*.res is (re)written. This file is similar to *-*.ins, but has updated values for all refined
parameters. It must be copied or edited to *-*.ins for the next refinement run. Lorentz,
polarization and absorption corrections are assumed to have been applied to the data in the *-
* hkl file. SHELXL97 always refines against F,”, even when F-values are input. The advantage
is that more experimental information is incorporated (suitably weighted) and the possibility
of receiving a local minimum is reduced.

Starting parameters were the known structural parameters of titanite (Ghose et al., 1991). Full

matrix least squares refinements were based on F* with weights

w = 1/[6*(Fs’) + (WP)* + 0.01P] (59)

where P = (F,” + F,%)/3, W = 0.0378, R[F* > 26(F*)] = 0.0252, wR(F?) = 0.0637 and the
goodness of fit, S(GooF) = 1.131.

The number reflections, restraints and parameters used in the refinement were 1704, 0, 74,

respectively, while the extinction coefficient was 0.0018(5).

During refinement an R-factor was computed to give a measure of correctness between the

observed and calculated intensities of a crystal structure. Ideally a good structure has an R-
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value < 5%. The R-factor therefore gives an overall measure of how correct the structure is. A
value of 0% means a perfect agreement between observed and calculated intensities, but this is
never achieved due to random errors arising throughout experimental measurements. The

internal R-value is given by

Ry = 2 |E2 ~ F2 (mean) /3 (F?) (60)

where the inner sums are over the symmetry-equivalent reflections and the outer sums are
over the unique %kl data. The term »n is the number of equivalent data for a given Akl being

merged. The internal R-value is in this case, Riy = 0.0214.
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2. Samples

The synthesis of the studied compounds forms an important part of the work. All experiments
are performed on synthetic materials. This involves solid state synthesis of powder samples
with several compositions along the studied joins.

The below listed table (Table 2.1) summarizes the composition of the samples prepared from

solid state synthesis.

Table 2.1. Composition of the powder samples studied. The numbers refer to the x-value.

CaTiO(GexSi;.4)O4 (CaxSr4)Ti0GeO4 Ca(TixZr;x)OGeOy4

95 90 95
90 70 90
70 60 80
50 50 50
30 40 20
20 30 10
10 10 CaZrOGeOq
SrTi0OGeO4

The stoichiometric starting mixtures were prepared from pure fine-grained powders of
carbonates (CaCOs, SrCOs;) and oxides (TiO,, GeO,, SiO; and ZrO,). Approximately 2.5 g
starting oxides were used. Oxides and carbonates were mixed and carefully ground for several
minutes, pressed into pellets and heated for 24 hours at 1173 K. The pellets were reground
and again pressed into pellets and heated further for 24 hours at 1323 K. After the first short
heating intervals the samples were kept in the furnace for 5 days intervals at a maximum
temperature of 1323 K with intermittent grindings between. An open platinum crucible was
used. Phase purity was first established by powder diffraction analysis after 3-6 heating
intervals. In most cases the phase showed to be inhomogeneous and further heating intervals
were applied. Between heating intervals phase purity was proved by powder diffraction
analysis till the resulting phase showed to be homogeneous.

The last reactions at 1588 K of samples containing Zr were carried out in a welded platinum
tube to avoid GeO; loss.

The synthesized powder samples were analysed by in situ heating X-ray powder diffraction

using an Anton Paar HTK 1200 furnace mounted on a Philips Xpert diffractometer with
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monochromatic CuKa,-radiation. Diffraction patterns were recorded in the range 17-90° 20
using a proportional counter with 4 s/step counting time and a step size of 0.02°.

Lattice parameters were determined using the LeBail or Rietveld method as implemented in
the GSAS program (Larson and Von Dreele, 1994).

Table 2.2 summarizes the temperature range in which measurements were carried out and the
number of refinements performed. Note that only the ratio between the substituting atoms is
listed. Diffraction patterns were recorded in intervals of 20 — 50 K. For CaTiOGeO4
diffraction patterns were recorded with intervals of 3-5 K in the vicinity of 7.. The
endmember composition CaTiOGeOy is listed in Table 2.2 although the CaTiOGeO4 powder
specimen originates from single-crystals synthesized from the oxides GeO, and TiO, and the

carbonate CaCOj; following the method described by Robbins, 1968.

Table 2.2. Number of refinements performed and the temperature interval.

Compound Number of Temperature
refinements interval (K)

CaTi0GeO4 38 298-1123
GeosSips 19 298-773
Ge9osi10 19 298-773
Ge70Si30 19 298-773
Gesosiso 25 298-1073
Ge30Sio 19 298-773
Gezosigo 19 298-773
GeloSigo 19 298-773
Ca9osr10 19 298-773
CaySr3g 20 298-773
Ca608r4o 19 298-773
CasoSrsg 26 298-1073
Ca4OSr60 19 298-773
CaszpSryo 20 298-773
Ca108r90 20 298-773
SrTi0GeO4 25 298-1123
Ti95ZI‘05 19 298-773
TigoZI‘lo 19 298-773
TigoZI‘zo 19 298-773
TisoZrso 19 298-773
TizoZI‘go 19 298-773
Til()Zl‘go 19 298-773
CaZrOGeOyq 29 298-1073
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Abstract

The structure of CaTiOGeO4 (CTGO) has been refined using single crystal X-ray diffraction
data. CTGO is isostructural with titanite, CaTiOSiO4. The displacive P2,/a - A2/a phase
transition analogous to titanite has been studied by in-situ-heating X-ray powder diffraction
and transmission electron microscopy. The transition is accompanied by the disappearance of
superstructure reflections, k£ + / = 2n + 1, which are replaced by diffuse scattering for 7> T..
The diffuse scattering is seen as streaks along b* in high temperature TEM SAD. Lattice
parameters as a function of temperature and composition have been determined by X-ray
powder diffraction between room temperature and a maximum of 1123 K. Strain analysis of
CTGO indicates a transition temperature of 7, = 588 + 4 K and the additional occurrence of
an isosymmetric anomaly at 7; = 800 + 25 K. There is complete solid-solution along the join
CaTi0O(GexSi;x)O4. The lattice parameters across the solid solution vary continuously and the
structural phase transitions are identified based on the determination of spontaneous strain
associated with the transitions. The e;; and e;3 components dominate the strain tensor. All
compositions across the solid solution exhibit close to tricritical behaviour and nearly constant

scalar strain.

1. Introduction

The titanite structure has attracted substantial interest because of its phase transitions, its
occurrence as a metamict mineral (Hawthorne et al., 1991) and its crystal chemical relation to
the non-linear optical material KTiOPO4 (KTP) (Kunz et al., 2000). Titanite is a common
accessory mineral in a variety of metamorphic and igneous rocks. Crystals with less than 3-4
mol% substitution of Fe and Al for Ti have the space group P2;/a whereas those with more
than 4 mol% (Al + Fe) have diffuse reflections £ + / odd which become unobservable above
20 mol% substitution as the average structure approaches A2/a symmetry (Higgins and Ribbe,
1976; Oberti et al., 1991). The structural framework of titanite is formed by parallel chains of
corner-sharing [TiOg] octahedra running along the a-direction. The parallel strings of 2
octahedra are connected by [GeQy4] tetrahedra sharing corners with the [TiOg] octahedra and
by Ca in [7]-coordination (Speer and Gibbs, 1976; Taylor and Brown, 1976). At about 7.=487

K, titanite
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undergoes a phase transition associated with a displacement of Ti from the center of the
[TiOg] octahedron (Ghose et al., 1991; Bismayer et al., 1992). Above the transition
temperature the space group is A2/a (C2/c) whereas below, the space group is P2,/a (P2,/c)
(Taylor and Brown, 1976; Ghose et al., 1991). The ordered low-temperature phase is
characterized by alternating short and long Ti-O bonds along [100], with reversed sense of Ti
displacement in adjacent octahedral chains. In the A2/a-structure Ti is located at the centre of
the [TiOg] octahedra. The transition is accompanied by the disappearance of superlattice
diffraction maxima with £ + / = 2n + 1. It is believed that the phase transition at 487 K
involves merely a 2-dimensional loss of long-range coherence between the off-centre dipoles,
while the structure remains ordered with respect to the (dynamic) Ti-displacement along
individual octahedral chains (Malcherek et al., 2000). True A2/a symmetry is suggested to be
attained at a second, isosymmetric phase transition around 7; = 825 K. First evidence of such a
second anomaly had been obtained from excess birefringence (Bismayer et al., 1992) and
Raman spectroscopy (Salje et al., 1993). Diffuse scattering intensity oriented in planes normal
to [100] disappears close to Ti (Kek et al., 1997) and phonon bands associated with TiOg
octahedral stretching modes exhibit strong softening at Ti (Zhang et al., 1997). Changes in the
average crystal structure at Ti amount to small variations in the interatomic distances and
angles (mainly reorientation of the Ca displacement vector and slight tilting of the [TiOg]
octahedra, Zhang et al., 1997, Malcherek et al., 1999). The occurrence of non-classical
effective critical exponents has been reported by a number of authors. Values of  have been
given with 0.32 (Ghose et al., 1991) and close to 0.15 (e.g. Bismayer et al., 1992; Salje et al.,
1993; Chrosch et al., 1997). More recently Malcherek et al., 2000 and Hayward et al., 2000
both described the phase transition as tricritical, implying a classical value = 0.25. Van
Heurck et al., 1991 observed antiphase domains in the low temperature phase, with broad and
mobile interfaces at and above 7.. When the temperature is further increased these antiphase
domains disappear. Groat et al., 1996 found that similar behaviour does not occur in
malayaite, CaSnOSiO4. Most probably, the transition in malayaite is similar to the
isosymmetric transition at 7; in titanite. Robbins, 1968 was the first to synthesize CaTiOGeOs.
X-ray precession photographs were indexed in P2,/n with a = 6.65, b =8.92, ¢ = 7.49 A and B
= 119.45. The present study reports displacive phase transitions in CaTiOGeO4 and the solid

solution it forms with titanite.
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2. Experimental

Synthesis

Single-crystals of CaTiOGeO4 were synthesized from the oxides following the method
described by Robbins (1968). CO, was driven off at 1323 K from a mixture of bulk
composition CaCOs - TiO; - GeO; prior to melting in a welded platinum tube at 1723 K.
Crystals were obtained by slowly cooling the stoichiometric melt with 3 K/h. The crystals
were then held at 1273 K for 1h and allowed to cool to room temperature. Colourless and
transparent crystals were obtained. Wavelength-dispersive electron-microprobe analysis
confirmed the stoichiometry. No impurities were observed in the electron-backscattering
image.

Seven different samples at 5-20 mol% intervals across the solid solution CaTiO(GexSi;x)O4
(CTGOx) were synthesized by solid-state reaction. The stoichiometric starting mixtures were
prepared from pure fine grained powders of CaCOs (Aldrich 20,293-2), TiO, (Rutile, Aldrich
20,475-7), SiO; (Aldrich 38,126-8) and GeO; (Aldrich 19,947-8) at a maximum temperature
of 1323 K. Approximately 2.5 g starting oxides were ground, pressed into pellets, and heated
for several intervals of 5 days with intermittent grindings. Phase purity was established by
powder diffraction analysis. Minor amounts of CaTiOs (~ 0.5 wt %) and CaSiOs (~ 1.5 wt %)
were observed in samples CTGO10, CTGO70 and CTGO90.

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction (XRD) data were collected at 293 K using an Enraf-Nonius
CAD-4 automated four-circle diffractometer. A suitable crystal of CaTiOGeO, was selected
and the quality checked by X-ray precession photographs. The crystal was bounded by the
forms {001}, {110} and {241}. A numerical absorption correction based on the observed
crystal shape was applied to the data using the program X-RED (STOE & Cie GmbH 1996).
Intensity data were collected in the ®-20 scan mode. The structure was refined using
SHELX97 (Sheldrick 1997). Crystal data and parameters of the data collections are listed in
Table 1.
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X-ray powder diffraction

In-situ X-ray powder diffraction measurements up to 1123 K were done using an Anton Paar
HTK 1200 furnace mounted on a Philips Xpert diffractometer with monochromatic CuKa,-
radiation. Diffraction patterns were recorded in the range 17-90° 20 using a proportional
counter with 4 s/step counting time and a step size of 0.02°. Lattice parameters were
determined using the LeBail method as implemented in the GSAS program (Larson and Von
Dreele, 1994) and the materials were refined with space group A2/a. The additional
reflections with £ + /= 2n + 1 that occur in the P2,/a phase are weak and mostly overlapping
with the fundamental reflections. Additional Rietveld refinements were done at room
temperature for all compounds across the solid solution. Starting fractional coordinates were
taken from Ghose et al., 1991. For CTGOS50 and the endmember CTGO, the measurements
were done up to 1073 K and 1123 K, respectively. For the remaining compositions,
measurements were done up to 773 K. In order to take into account the structural anomaly at
Ti, the linear reference functions of thermal expansion were obtained using the high-
temperature data above 7; from CTGOS50 and the endmember compositions CTGO and
titanite (latter data from Malcherek, 2001). The slopes derived from extrapolation of the
lattice constants were plotted against composition and fitted using a parabola. For the c lattice
constant a straight line fit was sufficient. With these fixed line slopes, individual linear
functions of thermal expansion were obtained from the data measured up to 773 K for the

remaining compositions.

TEM

CaTiOGeO4 samples for transmission electron microscopy were prepared by adding copper
grids to 10-15 pm thin samples. These specimens were ion milled and carbon coated. A
double-tilt heating-holder was used for the in-situ electron-diffraction experiments in a 300
kV Jeol, JEM-3010 electron microscope. Electron-diffraction patterns were obtained along a
number of zones at microscope temperature as well as in the vicinity of the transition. The
disappearance or strong streaking of the £ + / = odd reflections was used as an indication that
the transition temperature had been reached. The sample was stable under the electron beam at

all temperatures.
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3. Results

Structure of CaTiOGeQOy

Robbins, 1968 first synthesized CaTiOGeO,4 and discussed its structure on the basis of X-ray
precession films, which showed symmetry P2;/n using the setting of Zachariasen, 1930 and
suggested a structure similar to that of titanite. In order to compare the results of Robbins with

our results it is necessary to transform the P2,/n setting to the P2,/a setting. Applying the

transformation matrix (101, 010, 100) to the lattice constants derived by Robbins, 1968 gives:
a="713,b=2892, c=6.65 and f = 114.28°. Considering the esd of the lattice parameters
given by Robbins, 1968, this agrees with our results. The lattice parameters are also consistent
with the data given in PDF entry #40-387. The structure of CTGO was refined in space group
P2,/a. CTGO is isostructural with titanite. Unit cell data, atom coordinates and interatomic

distances for the single crystal structure refinement are given in Tables 1 - 3.

Structure refinement across CaTiO(Ge,Si;)O4

The refined structural parameters at room temperature are given in Table 4. The variation of
the mean bond lengths is displayed in Table 5. For comparison of the corresponding lengths
and angles for titanite see Kek et al., 1997. The bond length of Ca-O is constant within the
limits of the measurement accuracy, while, as expected, the mean bond length of Ge to the
surrounding oxygen atoms increases with increasing Ge content. The composition dependence
of the mean bond length of Ti is near symmetric with the endmembers exhibiting the shortest

average bond lengths.
TEM
Electron diffraction patterns were obtained for a number of zones at temperatures spanning

the transition. The diffraction patterns show two families of spots (Fig. 1a): sharp and intense

spots
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with £ + [ = even and the weak super-structure reflections with k£ + / = odd (marked by an
arrow). As the temperature increases, the diffuse scattering becomes visible and finally at 7>
T, degenerates to almost continuous streaks elongated along b*. In analogy to titanite (Higgins
and Ribbe, 1976), the streaks would result from planes of diffusely scattered intensity
perpendicular to the octahedral chains. The spots with k + / = even remain round and sharp
and their intensities show no appreciable change on heating. The behaviour is shown in Fig.

la-d, showing the zone [001] below and above 7.

In the low temperature phase, antiphase boundaries can be observed using dark-field mode. A

series of dark-field contrast images made with the (110) and (210) superstructure reflections
is shown in Figures 2a-c. The geometrical features are consistent with the assumption that the
antiphase domains have a cylindrical shape. Straight sections of the cylinder walls are
oriented parallel to a i.e., parallel to the chains of [TiOg¢] octahedra (Van Heurck et al., 1991).
During heating to above T¢, the domains are not mobile, but disappear somewhat above the
phase transition. On renewed cooling below T, the interfaces reappear at the same location as
during heating. This memory effect may be due to pinning of the domain walls by defects or
by the specimen boundaries. This is not in agreement with the behaviour observed in titanite.
Van Heurck et al., 1991 found that the antiphase domains become mobile until they disappear
somewhat above the phase transition. Higgins and Ribbe, 1976 observed such antiphase
domains in titanite at room temperature using the k + / = odd reflections indicative of P2,/a
symmetry. They concluded that the antiphase domains are linear and parallel to a. This

behaviour is in agreement with our observations for CaTiOGeO;.

Lattice parameters

The A2/a - P2//a structural phase transition in CaTiOGeO4 has been observed using in situ
heating X-ray powder diffraction methods. Diffraction patterns were recorded in the
temperature range 298 — 1123 K. On the basis of the disappearance of k + / = odd reflections

the transition can be observed in the diffraction patterns. At low temperatures these clearly
exhibit the k + [ = odd reflections indicative of P2;/a symmetry. The intensities of the 212

and 221 superlattice

65



reflections were extracted using the LeBail fit in space group P2;/a. The superlattice
reflections show a steady decrease with increasing temperature, but due to background noise
and their relatively small intensity it is not possible to determine the exact critical temperature
in this way. Within the temperature range 523 to 623 K the P2,/a reflections disappear, but
below this temperature range they are clearly visible. By extrapolation of the lattice
parameters measured for 7 < 1123 K towards lower temperatures, linear reference functions
of thermal expansion are obtained for all lattice parameters. The complete set of lattice
parameter data for CTGO is shown in Figures 3a-e. The transition is accompanied by a
significant expansion of the a-axis. Another significant deviation from the extrapolated high
temperature data is seen for the monoclinic angle, B. In the case of b only minor deviation
from linear thermal expansion occurs over the entire temperature range. Likewise, only very
small positive deviation occurs for the ¢ lattice dimension. From the a lattice constant and the
B-angle, there are clear indications in analogy to titanite for the additional occurrence of an
isosymmetric anomaly at 7; in CaTiOGeOy (Figs. 3a and d). T; for CTGO can be estimated to
800 + 25 K, in accordance with the estimates for 7; in titanite (Malcherek 2001, Kek et al.,
1997, Zhang et al., 1997). Measurement temperatures and lattice parameters are given in
Table 6. Titanite and CTGO form a complete solid solution, with no evidence for phase-
separation at any of the intermediate compositions. Lattice constants derived from Rietveld
refinements for all intermediate compositions at room temperature are given in Table 7 and
are displayed in Figure 4. Across the solid solution, replacement of Si by Ge leads to a gradual
increase in cell volume by 4.5%. The a, b and c lattice parameters increase across the solid
solution, while B shows a non-linear behaviour as the Ge-content increases. The endmember
compositions have a larger B-angle than the intermediate compositions. The complete set of
lattice parameter data is given in Table 8. Lattice parameters for each of the compositions,
extracted from the LeBail analysis, show a very similar evolution with temperature as in

CTGO and titanite.
Spontaneous strain in CaTiOGeQ4
One of the most significant physical effects that accompany a structural phase transition is

lattice strain. Strain components were calculated according to the equations given by

Carpenter et al., 1998. The scalar spontaneous strain is defined as
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In the case of a zone-boundary transition, this property is proportional to the square of the

order parameter Q of the transition. The spontaneous strain associated with the P2,/a - A2/a
phase transition in CTGO is relatively small (Fig. 5). By linear extrapolation of e, to zero,

the transition temperature is estimated as 7, = 588 +/- 4 K, which coincides with the onset of
volume strain (Fig. 3e). In agreement with previous work on synthetic titanite (Malcherek,
2001), the spontaneous strain due to the P2;/a - A2/a phase transition in CaTiOGeOy is
dominated by the components e;; and e;3. The ey, and es; components are nearly equal in
magnitude and both are small and negative for 7 < T, e;; being the more negative. The e
component differs from that in titanite, as its contribution to the strain cannot be completely
neglected. The e;; component is significantly larger than the e and es3 components and it
dominates the strain (along with e;3) as in titanite. The component e;; does not disappear at 7t
but remains finite up to 7; (Fig. 5b) in CTGO. The scalar strain (Fig. 6) has been determined
and the strain for titanite (Malcherek, 2001) is plotted for comparison. The square of the scalar
strain (Fig. 7) is approximately linear with temperature above 400 K, which, as ¢* ~ 0%,

implies that the transition is close to tricritical.
Spontaneous strain in the solid-solution CaTiO(Ge,Si;4)O4

The strain components (Figs. 8a-d) show a continuous, but non-linear, evolution from their
room-temperature values to 773, 1073 for CTGOS50 and 1123 K for CTGO. The component
ex (Fig. 8c) is in most cases very close to zero within the limits of accuracy. The component
e33 1s negative but near zero for 7 < T,. The e;; component is positive below T, whereas the e;3
component is negative. The strain components show a similar evolution for all intermediate
compositions across the solid solution, with the exception of e;;. A small volume strain is
observed.

The magnitude of the strain component e;; decreases from titanite (data from Malcherek,
2001) to CTGO (Fig. 8a). In contrast, the e;3 component shows a nearly symmetric variation
with the endmembers having the most pronounced negative values and with intermediate
compositions showing less shear strain (Fig. 8b). Overall, the scalar strain is constant across
the solid solution (Fig. 8d). The compositions CTGO90 and CTGO9S5 deviate most by having
a slightly smaller
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scalar strain, 0.0014 and 0.0011, respectively, compared to 0.0016 in CaTiOGeO,. From the
e11 strain component of CTGOS50 and CTGO (Fig. 8a) it is evident that the isosymmetric
phase transition observed in titanite occurs across the entire solid solution. This has a

significant influence on the evolution of e;; as it is finite at temperatures above 7. and

vanishes only at 7; = 800 K. The square of the scalar strain, Ze,.jz , for the intermediate

compositions (Fig. 9a-g) shows linear dependence on temperature over a wide range below
the respective transition temperatures, 7c. Again this does hint towards tricritical character of

the transition, just as in the endmembers. Based on the strain analysis, 7, for all compositions
along the solid solution has been determined by extrapolation of e, to zero. T, increases

almost linearly from 487 K in titanite to 588 K in CTGO (Fig. 10). Determination of the
isosymmetric transition temperature 7; is encumbered by large errors because of the way the

extrapolation was done, but it appears to remain more or less constant at 800 + 25 K.
4. Discussion

From Figure 10 it is clear that the substitution of Ge for Si has a marked influence on 7.. The
evolution of 7, with composition is nearly linear and is marked by a gradual increase of nearly
100 K from the titanite endmember towards CTGO. Thus the substitution of Ge for Si
stabilizes the ordered P2;/a phase. On the other hand, the isostructural anomaly, 7; appears to
be constant at 800 K. Zhang et al., 1997 conclude that the high-temperature phase transition in
titanite shows a completely different behaviour than the transition at 7, = 487 K. They
observed that Fe and Al substituting for Ti have much less effect on the transition near 825 K
than on that at 487 K, where substitution at the octahedral site has a large effect and the
transition is eventually suppressed. The effect of Fe, Al substitution in titanite is to block the
lower temperature transition, whereas substitution of Ge for Si has the opposite effect. On the
other hand, 7; is neither sensitive to substitution on the octahedral site, nor do our results
suggest that it is significantly altered by substitutions on the tetrahedral site. The ej3
component is close to zero for most of the intermediate compositions (Fig. 11a). This implies
that the shearing of the unit cell is lessened for intermediate compositions. At the same time,

the magnitude of e;; decreases with increasing 7.
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and Ge content. A possible explanation might involve the introduction of a minor strain along
the b-axis as suggested by the e;; component. As the scalar strain is near constant across the
solid solution, the decreasing strain due to expansion along the a-axis has to be compensated.
A significant difference in strain behaviour between titanite (Malcherek, 2001) and CTGO is
the presence of a minor negative strain along the b-axis expressed by the strain component ey,
with a minimum of -0.00036. A similar trend is observed in CTG0O20, CTGO30 and CTGO70
but with opposite sign. The component e;; for the endmember composition CaTiOGeO4 does
not disappear at 7, but remains finite up to 7; (Fig. 5b). This behaviour is different from that
observed in titanite. In titanite, it is only the e;3 component, which is finite above T, and
vanishes at 7; (Malcherek, 2001). The composition dependence of the mean Ti-O bond length
does not correlate with the transition temperature, 7, i.e., the bond length does not increase
with increasing 7. (Table 5 and Fig. 11). Instead it shows a similar evolution as the strain
component e;3 (Fig. 12). There is correlation between the shear strain and the Ti-O mean bond
length (Fig. 12). Hammonds ef al., 1998 predicted that due to the absence of rigid unit modes
in the titanite structure, polyhedral distortion is to be expected upon chemical substitution in
titanite, rather than polyhedral tilting. Variation of the individual bond lengths is more
pronounced for the intermediate compounds than for the endmember compositions and as a
result the octahedra and tetrahedra are more distorted. Kunz et al., 1997 observed increasing
Ca-O bond lengths with increasing Sn content at the octahedral site of the titanite-malayaite
join. In our case, near constant Ca-O bond lengths are observed with increasing substitution
by Ge for Si on the tetrahedral site. A comparison of the single crystal data of CaTiOGeO4
with the data of titanite (Kek et al., 1997) shows that the most significant difference between
the two isomorphs is the bond lengths Ti-O1 and Ti-O1°. For CaTiOGeOy, these are 1.7615 A
and 2.0165 A, respectively (A = 0.255 A). For titanite they are Ti-O1 = 1.754 A and Ti-O1” =
1.989 A (A = 0.235 A). The larger Ti displacement in CTGO compared to titanite is in
accordance with the higher transition temperature observed in CTGO, if one assumes an
Abrahams-Kurtz-Jamieson relation between 7. and cation displacement (Abrahams et al.,
1968). Tilting of the TiOg octahedra is slightly smaller in CTGO, with a Ti-O1-Ti angle of ~
143°, compared to 141° in titanite (Ghose et al., 1991). This straightening of the octahedral
chains can be attributed to the larger size of the GeO4 tetrahedra. The bond valence sum

(BVS, calculated according to Brese and O’Keefe, 1991) for the Ge site in CTGO has an
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almost ideal value of 3.97, while the BVS for Si in titanite is less than ideal (3.73), hinting at
tensile stress in the Si-coordination of titanite. As in titanite, Ti is slightly overbonded in
CTGO, with a constant BVS close to 4.2 across the entire solid solution. Distortion of the
TiO¢ octahedron is less in CTGO though.

5. Conclusion

Titanite and CaTiOGeO4 form a complete solid solution with a near-linear increase of the
critical temperature of the antiferrodistortive transition from 487 K to 588 K in CaTiOGeO,.
As with titanite X-ray diffraction indicates the additional occurrence of an isosymmetric
anomaly at 7; = 800 + 25 K that is constant across the solid solution. The lattice parameters
change continuously across the solid solution and the transition appears to be close to
tricritical for all compositions. Substitution of Ge for Si causes a drop in shear strain relative
to the ordered endmember compositions CaTiOGeO4 and titanite. This reduced shearing of
the unit cell accompanying the P2,/a — A2/a transition correlates with a volume increase of

the TiOg octahedra for intermediate compositions.
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Table 1: CaTiOGeOy: Single crystal, experimental data.

Crystal data

Radiation type
Z

Temperature (K)

Crystal system, space group

a, b, c (A)

B ()

V(A%

Size (mm)

No. of reflections for cell parameters

Data collection

Diffractometer

Data collection method

Hmax (0)

Range of 4, k, [

No. of standard reflections

No. of measured, independent and
observed reflections

Rint

Absorption correction

Refinement
Refinement
Weighing scheme

w
R[F*> 26(F?)], wR(F?), S(GooF)

No. of reflections, restraints and
parameters used in refinement
Extinction coefficient

Mo Ko
4

293 K

P21/a

7.158(1), 8.885(1), 6.649(1)
113.834(1)

386.84(9)

0.3x0.2x0.15

24

Enraf-Nonius CAD-4

w-20

35

-11 —» 10,-14 - 14,0 — 10
3

3648, 1704, 1470

0.0214

Numerical

Full-matrix least squares on F*
w = 1/[c*(F,%) + (WP)* + 0.01P]
where P = (F,” + 2 F)/3
0.0378

0.0252, 0.0637, 1.131

1704, 0, 74

0.0018(5)
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Table 2. CaTiOGeOy4: Atomic positional parameters and anisotropic thermal vibration
parameters (A> x 10”) at room temperature.

Ca Ti Ge Ol O2A 02B O3A O3B

X 0.2428(1) 0.5161(1) 0.7478(1) 0.7498(2) 0.9199(2) 0.0772(2) 0.3926(2) 0.6095(2)
0.4215(1) 0.2545(1) 0.4334(1) 0.3179(2) 0.3097(2) 0.1902(2) 0.4576(2) 0.0441(2)
0.2503(1) 0.7492(1) 0.2487(1) 0.7507(2) 0.4385(2) 0.0578(2) 0.6422(2) 0.8567(2)

N o<

Ull  1574(3) 470(4) 485(4) 508(3) 1032(3) 943(3) 853(3)  836(2)
U22  704(3) 565(4) 551(5) 738(4) 946(5) 1001(3) 719(5)  720(3)
U33  663(4) 407(3) 394(2) 957(5) 571(3) 564(3) 815(3)  778(4)
U23 13)  -15(4)  -6(3)  -14(3) 181(3) 206(4) 72(4)  59(3)
Ul3  1413) 209(3) 218(3) 353(3) 180(5) 237(3) 518(3) 503(3)
U2 523) 193)  -43)  47(4) 292(3) 284(4) 229(3) 212(3)

Table 3. CaTiOGeO,: Interatomic distances (A) at room temperature and interatomic angles
(°) at room temperature.

Ti-O1 1.7615(1) O1-Ti-O2A 91.56(1)
Ti-O1’ 2.0155(1) 01-Ti-O2B 95.95(1)
Ti-O2A 1.9795(2) O1-Ti-O3A 89.76(1)
Ti-O2B 1.9792(2) 01-Ti-O3B 96.68(1)
Ti-O3A 2.0088(2) 0O1’-Ti-O2A 88.97(1)
Ti-O3B 2.0165(2) 01°-Ti-O2B 83.53(1)
O1’-Ti-O3A 90.38(1)
Mean 1.960 01°-Ti-O3B 83.18(1)
0O2A-Ti-O3A 88.97(1)
Ca-O1 2.3155(2) 02A-Ti-O3B 91.63(1)
Ca-O2A 2.4728(1) 02B-Ti-O3A 91.45(1)
Ca-O2B 2.4588(3) 02B-Ti-O3B 87.71(1)
Ca-O3A 2.4050(2)
Ca-O3B 2.4153(2) Ti-O1-Ti 142.74(1)
Ca-O3A° 2.6394(2)
Ca-O3B’ 2.5696(1) 02A-Ge-O2B 102.18(2)
02A-Ge-O3A 113.82(2)
Mean 2.468 02A-Ge-O3B 106.66(2)
02B-Ge-03A 107.37(2)
Ge-0O2A 1.7494(2) 02B-Ge-O3B 114.23(1)
Ge-O2B 1.7483(1) 0O3A-Ge-O3B 112.30(1)
Ge-0O3A 1.7504(2)
Ge-O3B 1.7552(2)
Mean 1.751
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Table 4. Atomic positional parameters and isotropic thermal vibration parameters (A x 10”) at
room temperature using SG P2,/a for CaTiO(GexSi;.)O4.

Mol% Ge

95 Ca Ti Ge,Si 01 O2A 02B 0O3A O3B
X 0.2368(5) 0.5035(4) 0.7450(3) 0.7342(5) 0.9300(1) 0.0955(5) 0.4058(2) 0.6179(2)
¥ 0.4201(1) 0.2378(4) 0.4324(6) 0.3203(9) 0.3003(9) 0.1923(5) 0.4539(1) 0.0357(3)
z 0.2419(9) 0.7480(6) 0.2560(9) 0.7473(3) 0.4558(6) 0.0838(3) 0.6402(8) 0.8670(7)

Ui * 1272(4) 1380(3) 1509(4) 660(3)  660(3)  660(3)  660(3)  660(3)
Occ 1000 1.000 0901(6) 1.000  1.000  1.000  1.000  1.000

0.098(4)
Rr  0.178
R(F?) 0.105
90 Ca Ti Ge,Si 0l 02A 02B 0O3A O3B
X 0.2306(3) 0.5043(6) 0.7366(3) 0.7392(2) 0.9359(7) 0.0944(4) 0.4158(7) 0.6401(1)
y 0.4188(5) 0.2338(4) 0.4335(7) 0.3209(7) 0.3143(3) 0.2109(8) 0.4505(1) 0.0319(5)
z 0.2396(8) 0.7454(3) 0.2528(1) 0.7464(1) 0.4667(9) 0.0904(4) 0.6574(3) 0.8857(9)
Usso * 322(3)  1337(5) 830(4)  689(3)  689(3)  689(3)  689(3)  689(3)
Occ 1.000 1.000  0.871(4)  1.000 1.000 1.000 1.000 1.000
0.128(6)
Rpr  0.203
R(F?) 0.129
70 Ca Ti Ge,Si 0l 02A 02B 03A O3B
X 0.2479(3) 0.5078(1) 0.7491(8) 0.7399(6) 0.9252(2) 0.0927(7) 0.3920(7) 0.6140(4)
y 0.4193(2) 0.2433(9) 0.4331(5) 0.3257(8) 0.3083(5) 0.1942(6) 0.4616(2) 0.0378(8)
z 0.2424(5) 0.7420(1) 0.2557(7) 0.7611(9) 0.4453(3) 0.0741(9) 0.6538(3) 0.8689(8)
Usso * 1159(4)  2099(4) 1815(4) 985(3)  985(3)  985(3)  985(3)  985(3)
Occ 1.000 1.000  0.678(3)  1.000 1.000 1.000 1.000 1.000
0.321(7)
Rp  0.177
R(F) 0.141
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50 Ca Ti Ge,Si Ol 02A O2B O3A O3B

=

0.2465(9) 0.5047(5) 0.7529(4) 0.7453(1) 0.9289(7) 0.1021(6) 0.4000(1) 0.6197(7)

y 0.4199(9) 0.2507(3) 0.4314(8) 0.3215(9) 0.3216(2) 0.2022(1) 0.4739(4) 0.0485(6)

z 0.2569(6) 0.7460(7) 0.2469(7) 0.7765(5) 0.4596(3) 0.0860(6) 0.6590(2) 0.8756(9)

Usgo * 1865(4) 2468(4) 1907(3) 468(4)  468(4)  468(4)  468(4)  468(4)
Occ 1.000 1.000  0.490(0)  1.000 1.000 1.000 1.000 1.000

0.510(0)

Rp  0.178

R(F?) 0.120

30 Ca Ti Ge,Si Ol 02A 02B 03A 03B

X 0.2474(1) 0.5023(6) 0.7558(6) 0.7504(1) 0.9108(6) 0.0901(8) 0.3869(2) 0.6252(1)

y 0.4203(4) 0.2488(9) 0.4308(7) 0.3200(2) 0.2943(9) 0.1687(9) 0.4543(5) 0.0270(5)

z 0.2524(6) 0.7527(6) 0.2589(8) 0.7777(9) 0.4363(1) 0.0635(3) 0.6343(2) 0.8388(1)

Usso * 2586(3) 2630(4) 552(4)  930(3)  930(3)  930(3)  930(3)  930(3)
Occ 1.000  1.000 0.336(3) 1.000  1.000  1.000  1.000  1.000

0.663(7)
Rp  0.169
R(F?) 0.124
20 Ca Ti Ge,Si 0l 02A 02B 03A 03B
X 0.2315(1) 0.5062(2) 0.7460(1) 0.7490(6) 0.9007(9) 0.0840(9) 0.3824(1) 0.6381(7)
y 0.4175(2) 0.2530(1) 0.4316(4) 0.3174(2) 0.3160(6) 0.1929(6) 0.4736(6) 0.0462(6)
z 0.2476(6) 0.7404(4) 0.2577(6) 0.7673(8) 0.4501(8) 0.0714(9) 0.6462(2) 0.8449(3)

Usso * 2356(5) 2028(4) 1884(3)  922(4)  922(4)  922(4)  922(4)  922(4)

Occ 1.000 1.000  0.200(9)  1.000 1.000 1.000 1.000 1.000
0.799(1)

Rr 0213

R(F%) 0.183
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10

Ca Ti Ge,Si Ol O2A O2B O3A 03B

[N

l]iSO *
Occ

0.2311(1) 0.5061(7) 0.7350(9) 0.7503(9) 0.8786(5) 0.0714(9) 0.3680(8) 0.5993(3)
0.4186(9) 0.2510(4) 0.4318(9) 0.3214(5) 0.3219(2) 0.2034(1) 0.4772(4) 0.0461(4)
0.2519(1) 0.7354(8) 0.2468(1) 0.7826(1) 0.4454(1) 0.0670(1) 0.6593(1) 0.8530(2)

2588(5) 2828(5) 1623(4) 541(4)  541(4)  541(4)  541(4)  541(4)
1.000  1.000 0.096(7) 1.000 1000  1.000  1.000  1.000
0.903(3)

Rr 0201
R(F?) 0.187

Table 5. Mean bond lengths (A) at room temperature using SG P21/a.

Mol % Ge Ge-O Ti-O Ca-O
CTGO 1.752 1.964 2.468
95 1.768 1.972 2.432
90 1.776 1.975 2.443
70 1.718 1.981 2.436
50 1.710 1.973 2.436
30 1.652 1.978 2.469
20 1.620 1.965 2.487
10 1.643 1.975 2.453
CTSO 1.651 1.957 2.432

Notes: bond lengths for titanite at 7= 298 K is taken from Kek et al., 1997.
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Table 6. CaTiOGeOQ,. Lattice constants as a function of the temperature.

T (K) a (A) b(A) ¢ (A) B ()
298 7.16144(6) 8.89229(2) 6.65311(4) 113.833(1)
348 7.16210(5) 8.89500(8) 6.65392(5) 113.828(1)
373 7.16264(7) 8.89658(6) 6.65428(6) 113.813(1)
398 7.16369(8) 8.89933(6) 6.65583(6) 113.806(1)
423 7.16373(6) 8.90061(7) 6.65640(8) 113.797(1)
448 7.16389(4) 8.90310(8) 6.65731(7) 113.787(1)
473 7.16336(7) 8.90510(5) 6.65812(8) 113.773(1)
498 7.16288(7) 8.90736(5) 6.65924(7) 113.758(1)
523 7.16210(6) 8.90963(6) 6.65999(5) 113.741(1)
548 7.16187(8) 8.91164(6) 6.66099(5) 113.729(1)
573 7.16135(5) 8.91345(7) 6.66185(8) 113.719(1)
593 7.16147(6) 8.91441(4) 6.66218(8) 113.711(1)
610 7.16198(6) 8.91560(6) 6.66303(7) 113.702(1)
613 7.16181(8) 8.91642(4) 6.66322(7) 113.701(1)
615 7.16197(7) 8.91662(5) 6.66319(5) 113.702(1)
618 7.16193(6) 8.91687(7) 6.66333(4) 113.699(1)
621 7.16194(7) 8.91732(9) 6.66382(6) 113.699(1)
623 7.16170(9) 8.91699(8) 6.66334(6) 113.700(2)
625 7.16202(6) 8.91760(7) 6.66384(6) 113.699(1)
628 7.16212(6) 8.91734(7) 6.66371(9) 113.695(1)
630 7.16209(8) 8.91754(8) 6.66398(6) 113.696(1)
633 7.16195(6) 8.91866(6) 6.66411(5) 113.697(1)
638 7.16211(7) 8.91843(6) 6.66405(8) 113.694(1)
643 7.16235(5) 8.91862(8) 6.66446(8) 113.693(2)
648 7.16201(5) 8.91959(9) 6.66490(7) 113.692(1)
653 7.16217(6) 8.91935(8) 6.66499(6) 113.692(1)
663 7.16273(6) 8.92046(7) 6.66530(6) 113.689(1)
673 7.16223(8) 8.92107(6) 6.66567(8) 113.686(1)
723 7.16361(7) 8.92515(6) 6.66807(7) 113.672(2)
748 7.16414(9) 8.92676(5) 6.66918(7) 113.665(1)
773 7.16433(6) 8.92847(7) 6.66989(6) 113.659(2)
823 7.16597(7) 8.93272(8) 6.67272(8) 113.653(1)
873 7.16718(7) 8.93646(7) 6.67470(4) 113.639(1)
923 7.16736(6) 8.93874(8) 6.67581(4) 113.631(1)
973 7.16906(8) 8.94262(9) 6.67852(5) 113.624(1)
1023 7.16993(8) 8.94597(7) 6.68077(6) 113.618(1)
1073 7.17204(7) 8.95028(5) 6.68332(7) 113.611(1)
1123 7.17332(8) 8.95395(6) 6.68559(6) 113.600(2)
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Table 7. Lattice parameters for CaTi(Ge,Si; x)O4 at room temperature.

Mol%

Ge a(A) b (A) ¢ (A) B() V(A%
100 7.16144(6) 8.89229(2) 6.63921(4) 113.833(1) 387.633(5)
95 7.14287(6) 8.87820(6) 6.64268(3) 113.776(1) 385.500(5)
90 7.13460(4) 8.87346(4) 6.63886(9) 113.738(1) 384.738(7)
70 7.11815(6) 8.83215(7) 6.61777(5) 113.767(1) 380.765(6)
50 7.09534(4) 8.79173(3) 6.59620(8) 113.757(1) 376.606(6)
30 7.09137(7) 8.78567(7) 6.59344(5) 113.766(1) 375.952(6)
20 7.07182(5) 8.74371(5) 6.57304(7) 113.782(1) 371.925(4)
10 7.06582(8) 8.73056(7) 6.56626(5) 113.782(1) 370.668(5)
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Table 8. CaTiO(Ge,Si; «)O4. Lattice constants and volume for all intermediate samples as a
function of temperature.

Mol% Ge

95 T(K) a(A) b (A) ¢ (A) B () V(A
298 7.14287(6) 8.87820(6) 6.64268(3) 113.776(1) 385.499(5)
348 7.14647(5) 8.88337(3) 6.64555(5) 113.760(1) 386.132(7)
373 7.14706(2) 8.88464(4) 6.64592(5) 113.754(1) 386.258(7)
398 7.14737(5) 8.88676(2) 6.64694(3) 113.742(1) 386.462(4)
423 7.14756(4) 8.89055(5) 6.64837(9) 113.736(1) 386.738(5)
448 7.14767(3) 8.89170(3) 6.64938(6) 113.725(1) 386.886(5)
473 7.14734(8) 8.89396(2) 6.64978(2) 113.718(1) 387.010(5)
498 7.14711(9) 8.89461(2) 6.65090(2) 113.712(1) 387.109(6)
523 7.14712(6) 8.89802(5) 6.65209(3) 113.698(1) 387.369(5)
538 7.14695(8) 8.89862(5) 6.65264(4) 113.696(1) 387.424(8)
553 7.14680(9) 8.89817(5) 6.65189(9) 113.688(1) 387.376(8)
573 7.14694(4) 8.90147(7) 6.65388(3) 113.674(1) 387.685(5)
598 7.14705(3) 8.90228(2) 6.65382(4) 113.671(1) 387.731(4)
623 7.14813(2) 8.90455(6) 6.65555(5) 113.666(1) 388.005(5)
648 7.14846(8) 8.90608(4) 6.65623(2) 113.658(1) 388.153(7)
673 7.14920(4) 8.90864(3) 6.65783(4) 113.657(1) 388.401(5)
723 7.15006(7) 8.91079(6) 6.65960(8) 113.650(1) 388.665(7)
748 7.15069(7) 8.91340(7) 6.66077(8) 113.634(1) 388.929(7)
773 7.15125(4) 8.91418(7) 6.66133(5) 113.634(1) 389.026(6)

9 T(K) a(A) b (A) c(A) B () V(A%
298 7.13460(4) 8.87346(4) 6.63886(9) 113.738(1) 384.738(7)
348 7.14113(8) 8.87499(4) 6.63976(5) 113.749(1) 385.176(8)
373 7.14133(4) 8.87841(8) 6.64205(3) 113.748(1) 385.471(7)
398 7.14119(3) 8.87860(5) 6.64165(5) 113.730(1) 385.502(5)
423 7.14152(8) 8.88024(3) 6.64214(5) 113.734(1) 385.608(6)
448 7.14142(7) 8.88428(2) 6.64445(2) 113.714(1) 385.971(5)
473 7.14149(6) 8.88643(2) 6.64454(2) 113.695(1) 386.130(5)
498 7.14142(4) 8.88907(3) 6.64646(4) 113.697(1) 386.346(5)
523 7.14139(5) 8.89066(8) 6.64755(6) 113.679(1) 386.530(6)
538 7.14130(4) 8.89045(9) 6.64718(3) 113.678(1) 386.498(8)
553 7.14157(5) 8.89320(2) 6.64835(3) 113.670(1) 386.724(4)
573 7.14144(5) 8.89336(6) 6.64824(4) 113.666(1) 386.729(5)
598 7.14210(6) 8.89477(2) 6.65013(4) 113.675(1) 386.909(5)
623 7.14228(6) 8.89792(3) 6.65069(4) 113.660(1) 387.133(5)
648 7.14255(5) 8.89994(4) 6.65228(5) 113.657(1) 387.337(5)
673 7.14297(5) 8.90114(8) 6.65305(6) 113.648(1) 387.484(6)
723 7.14431(3) 8.90371(7) 6.65514(3) 113.638(1) 387.820(5)
748 7.14506(8) 8.90570(3) 6.65582(6) 113.642(1) 387.975(6)
773 7.14521(6) 8.90710(3) 6.65645(5) 113.631(1) 388.113(5)
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70 TK) a (A) b (A) c(A) B(°) V(&%
298 7.11815(6) 8.83215(7) 6.61777(5) 113.767(1) 380.765(6)
348 7.12381(2) 8.83903(4) 6.62137(3) 113.763(1) 381.584(6)
373 7.12413(2) 8.84111(3) 6.62210(7) 113.744(1) 381.789(7)
398 7.12421(6) 8.84201(2) 6.62165(3) 113.739(1) 381.821(5)
423 7.12425(6) 8.84669(5) 6.62504(3) 113.746(1) 382.200(5)
448 7.12430(7) 8.84693(4) 6.62420(7) 113.730(1) 382.212(6)
473 7.12433(4) 8.84845(3) 6.62605(2) 113.726(1) 382.397(4)
498 7.12415(5) 8.85115(5) 6.62817(2) 113.726(1) 382.627(5)
523 7.12325(3) 8.85297(6) 6.62804(6) 113.716(1) 382.679(5)
538 7.12227(4) 8.85003(5) 6.62689(4) 113.701(1) 382.477(7)
553 7.12302(7) 8.85325(5) 6.62790(3) 113.704(1) 382.706(6)
573 7.12426(6) 8.85441(2) 6.62946(2) 113.697(1) 382.933(5)
598 7.12469(8) 8.85736(3) 6.63095(5) 113.702(1) 383.155(6)
623 7.12526(9) 8.85996(3) 6.63219(5) 113.692(1) 383.399(6)
648 7.12559(5) 8.86257(4) 6.63300(6) 113.686(1) 383.595(6)
673 7.12616(4) 8.86378(4) 6.63321(3) 113.668(1) 383.743(4)
723 7.12667(5) 8.86568(4) 6.63530(5) 113.663(1) 383.988(5)
748 7.12720(5) 8.86802(7) 6.63593(4) 113.653(1) 384.184(6)
773 7.12749(5) 8.87007(9) 6.64071(9) 113.663(1) 384.536(8)

50 T(K) a (A) b(d) c(A) BC) V(&)
298 7.09534(4) 8.79173(3) 6.59620(8) 113.757(1) 376.606(6)
348 7.09631(4) 8.79439(5) 6.59834(6) 113.743(1) 376.934(7)
373 7.09652(5) 8.79699(4) 6.59746(5) 113.719(1) 377.076(7)
398 7.09696(3) 8.79826(4) 6.60112(3) 113.732(1) 377.325(4)
423 7.09680(4) 8.79985(3) 6.60135(3) 113.726(1) 377.415(4)
448 7.09668(4) 8.80112(5) 6.60297(3) 113.720(1) 377.573(5)
473 7.09652(2) 8.80352(3) 6.60253(4) 113.708(1) 377.677(4)
498 7.09626(6) 8.80481(2) 6.60435(5) 113.701(1) 377.843(5)
523 7.09595(3) 8.80544(4) 6.60452(4) 113.694(1) 377.884(2)
538 7.09600(5) 8.80625(5) 6.60514(5) 113.688(1) 377.974(4)
553 7.09630(6) 8.80719(3) 6.60473(2) 113.685(1) 378.016(7)
573 7.09680(5) 8.80912(3) 6.60629(3) 113.686(1) 378.212(5)
598 7.09728(3) 8.81038(3) 6.60715(5) 113.684(1) 378.346(4)
623 7.09783(3) 8.81203(4) 6.60890(5) 113.675(1) 378.573(5)
648 7.09876(5) 8.81293(4) 6.60968(4) 113.680(1) 378.691(5)
673 7.09929(8) 8.81510(5) 6.61082(4) 113.675(1) 378.893(5)
723 7.10002(2) 8.81907(3) 6.61305(2) 113.659(1) 379.276(6)
748 7.10035(8) 8.82034(2) 6.61341(4) 113.655(1) 379.381(4)
773 7.10110(2) 8.82169(2) 6.61414(5) 113.648(1) 379.541(4)
823 7.10233(4) 8.82624(5) 6.61724(2) 113.648(1) 379.981(4)
873 7.10408(3) 8.83051(3) 6.61957(3) 113.628(1) 380.450(4)
923 7.10587(3) 8.83419(4) 6.62194(7) 113.637(1) 380.815(5)
973 7.10802(3) 8.83675(5) 6.62363(4) 113.630(1) 381.158(5)
1023 7.11005(2) 8.83970(2) 6.62657(7) 113.624(1) 381.581(5)
1073 7.11124(6) 8.84256(2) 6.62915(5) 113.634(1) 381.888(5)
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30 T(K) a (A) b (A) ¢ (A) B () V(A%
298 7.09137(7)  8.78567(7)  6.59344(5)  113.766(1)  375.952(6)
348 7.09543(3)  8.78949(4)  6.59622(3)  113.761(1)  376.504(6)
373 7.09579(3)  8.79050(4)  6.59741(2)  113.757(1)  376.646(6)
398 7.09623(4)  8.79283(8)  6.59830(4)  113.743(1)  376.861(5)
423 7.09585(4)  8.79614(5)  6.59990(4)  113.737(1)  377.091(5)
448 7.09581(2)  8.79722(3)  6.60024(3)  113.728(1)  377.181(4)
473 7.09562(6)  8.79879(5)  6.60066(3)  113.727(1)  377.265(5)
498 7.09531(4)  8.80033(5)  6.60191(2)  113.720(1)  377.406(4)
523 7.09484(3)  8.79958(6)  6.60096(5)  113.704(1)  377.341(5)
538 7.09545(3)  8.80202(6)  6.60225(5)  113.708(1)  377.540(7)
553 7.09609(5)  8.80377(6)  6.60352(3)  113.705(1)  377.731(5)
573 7.09678(5)  8.80534(2)  6.60476(3)  113.699(1)  377.923(4)
598 7.09714(4)  8.80647(6)  6.60513(2)  113.691(1)  378.035(5)
623 7.09812(6)  8.80849(4)  6.60609(5)  113.692(1)  378.226(5)
648 7.09888(6)  8.81083(7)  6.60826(8)  113.686(1)  378.509(7)
673 7.09940(3)  8.81288(7)  6.60883(3)  113.682(1)  378.669(5)
723 7.10052(3)  8.81609(5)  6.61132(2)  113.676(1)  379.027(4)
748 7.10116(3)  8.81861(4)  6.61224(7)  113.667(1)  379.248(5)
773 7.10242(6)  8.81878(4)  6.61352(9)  113.669(1)  379.390(7)

20 T(K) a(A) b(A) c (A) B () V(A%
298 7.07182(5)  8.74371(5)  6.57304(7)  113.782(1)  371.925(4)
348 7.071002)  8.74596(3)  6.57382(4)  113.762(1)  372.079(6)
373 7.07106(3)  8.74789(4)  6.57433(3)  113.754(1)  372.216(6)
398 7.071103)  8.75089(5)  6.57609(5)  113.737(1)  372.494(5)
423 7.07094(4)  8.75149(6)  6.57663(3)  113.732(1)  372.556(5)
448 7.07037(2)  8.75287(6)  6.57822(4)  113.726(1)  372.692(5)
473 7.06987(3)  8.75434(6)  6.57883(6)  113.728(1)  372.757(5)
498 7.06898(4)  8.75630(4)  6.57948(5)  113.713(1)  372.873(5)
523 7.07041(3)  8.75795(3)  6.58036(3)  113.702(1)  373.100(4)
538 7.07034(5)  8.75784(2)  6.58134(2)  113.702(1)  373.147(6)
553 7.07078(4)  8.75905(5)  6.58149(6)  113.703(1)  373.228(5)
573 7.07088(6)  8.76108(3)  6.58317(2)  113.697(1)  373.432(5)
598 7.07186(4)  8.76316(2)  6.58388(3)  113.689(1)  373.636(4)
623 7.07194(5)  8.76498(2)  6.58532(4)  113.688(1)  373.802(5)
648 7.072703)  8.76573(4)  6.58618(3)  113.685(1)  373.932(4)
673 7.07365(3)  8.76844(5)  6.58708(3)  113.680(1)  374.163(4)
723 7.07459(4)  8.77072(5)  6.58890(5)  113.668(1)  374.448(5)
748 7.075203)  8.77232(6)  6.59070(4)  113.674(1)  374.634(5)
773 7.07561(3)  8.77320(9)  6.59159(9)  113.666(1)  374.766(7)

82



10 T(K) a(A) b(A) ¢ (A) B () V(A%
298 7.06582(8) 8.73056(7) 6.56626(5) 113.782(1) 370.688(5)
348 7.06614(3) 8.73244(5) 6.56710(4) 113.785(1) 370.803(7)
373 7.06639(4) 8.73440(5) 6.56902(8) 113.773(1) 371.042(8)
398 7.06670(6) 8.73544(5) 6.56912(4) 113.762(1) 371.140(5)
423 7.06649(5) 8.73730(6) 6.57024(3) 113.756(1) 371.288(5)
448 7.06518(5) 8.73902(5) 6.57146(5) 113.736(1) 371.418(5)
473 7.06417(6) 8.74068(5) 6.57327(5) 113.735(1) 371.541(6)
498 7.06480(7) 8.74230(5) 6.57364(5) 113.726(1) 371.690(6)
523 7.06515(5) 8.74452(4) 6.57533(6) 113.722(1) 371.909(5)
538 7.06528(4) 8.74499(8) 6.57590(8) 113.720(1) 371.974(8)
553 7.06531(5) 8.74638(4) 6.57629(4) 113.714(1) 372.074(5)
573 7.06558(4) 8.74743(6) 6.57690(4) 113.711(1) 372.176(5)
598 7.06633(4) 8.74917(7) 6.57798(8) 113.702(1) 372.376(6)
623 7.06637(7) 8.75074(4) 6.57928(5) 113.698(1) 372.530(6)
648 7.06674(5) 8.75207(6) 6.58052(4) 113.704(1) 372.660(5)
673 7.06723(4) 8.75432(4) 6.58209(4) 113.701(1) 372.660(5)
723 7.06857(8) 8.75753(5) 6.58325(6) 113.681(1) 373.209(6)
748 7.06897(4) 8.75765(5) 6.58401(7) 113.683(1) 373.273(6)
773 7.07010(7) 8.75874(5) 6.58445(8) 113.671(2) 373.438(7)
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Fig. 1. Evolution of the electron diffraction patterns with temperature for the zone [001]. With
increasing temperature the streaking along b* increases in the zone. At 7> T, the spots with k£
+ /= odd have disappeared.
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Fig. 2. Diffraction contrast images of domain boundaries as a function of temperature. The domain
boundaries disappear at some temperature above 7. but appear at the same place when
decreasing the temperature.
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Abstract

Solid solubility and structural phase transitions in (CaxSr;x)TiOGeO4 have been studied by
means of in situ high temperature X-ray powder diffraction. The displacive A2/a - P2,/a phase
transition analogous to titanite has been followed across the solid solution. Strain analysis
indicates a transition temperature of 7, = 594 + 10 K for SrTiOGeO4 and the additional
occurrence of an isosymmetric anomaly at 7; = 800 = 25 K, in analogy to the isomorphous
compound CaTiOGeOQy. Lattice parameters as a function of temperature and composition have
been determined by X-ray powder diffraction between room temperature and a maximum of
1123 K. The e;; and e;3 components dominate the strain tensor. All compositions across the
solid solution exhibit close to tricritical phase transitions P2;/a — A2/a. The critical
temperature remains almost unaffected by substitution of Sr for Ca, but the magnitude of the

spontaneous strain drops significantly with even small amounts of Sr present.

1. Introduction

Recent studies of solid solutions in the titanite structure field have shown that the stability of
the ordered P2,/a phase of the titanite structure of generalized stoichiometry AMOXO, does
depend not only on the nature of the octahedrally coordinated cation M = Ti, Al, Sn, Zr
(Oberti et al., 1990; Groat et al., 1996; Kunz et al., 1997; Troitzsch et al., 1999, Ellemann-
Olesen and Malcherek, 2004b), but also on the tetrahedrally coordinated cation X = Si, Ge
(Ellemann-Olesen and Malcherek, 2004a), While these M and X cations are a part of the
framework of parallel octahedral chains and laterally connecting isolated tetrahedra
characteristic for titanite (Speer and Gibbs, 1976), the A cation represented by Ca in titanite,
CaTiOSiOy, is needed to charge balance the residual charge of the framework. In the context
of the P2,/a — A2/a phase transition observed in titanite (Speer and Gibbs, 1976; Taylor and
Brown, 1976; Ghose et al., 1991) the Ca cation appears to be disordered across a split position
(Kek et al., 1997) in the high temperature phase. Given the lack of known isovalent
substitutions on the Ca-site, so far nothing is known about the effects of such substitutions
towards the character and the critical temperature of the P2,/a — A2/a phase transition.

The displacive phase transition P2,/a — A2/a in CaTiOSi04 has been studied using a large
number of methods (e.g. Ghose ef al., 1991; Bismayer et al., 1992; Salje et al, 1993, Zhang et
al., 1995). One experimental method that is very effective in locating the phase transition is
the measurement of spontaneous strain by X-ray powder diffraction (Carpenter et al., 1998).

This has been applied to the structural phase transitions in titanite (Malcherek, 2001), which

96



showed that the strain tensor, when referred to the A2/a space group setting of titanite, is
rather simple, with only e;; and e;; significantly deviating from zero. The shear component e;3
remains non-zero even above the transition to the nominally end-centered A2/a phase and
vanishes above 800 K. Similar studies have recently been conducted for CaTiO(GexSi;.x)O4
(Ellemann-Olesen and Malcherek, 2004a), where it was found that the strain evolution of
these germanate-titanites is very similar to the silicate. Here we report on solid solution
between CaTiOGeO4 and SrTiOGeOys, tracking the occurring structural phase transitions by

means of strain analysis.

2. Experimental

Sample synthesis

Eight samples selected at 10 — 20 mol % intervals across the solid solution (Ca,Sr;.x)TiOGeO4
(STGOx) including the endmember composition SrTiOGeO4 have been synthesized by solid
state reaction. The stoichiometric starting mixtures were prepared from pure fine grained
powders of CaCO; (Aldrich 20,293-2), TiO, (Rutile, Aldrich 20,475-7), SrCO; (Aldrich
47,201-8) and GeO, (Aldrich 19,947-8) at a maximum temperature of 1323 K. Approximately
2.5 g starting oxides were ground, pressed into pellets, and heated for several intervals of 5
days with intermittent grindings. Phase purity of the product was established by powder
diffraction analysis. Minor amounts of Sr4Ti30;¢ (0.5 to 1.3 wt%) were observed in samples
STGO90, STGO60 and STGOA40.

Less than 1wt% TiO, and SrTiOs; have been observed in samples STGO60 and STGO,

respectively.

X-ray diffraction

In situ X-ray powder diffraction measurements up to 1123 K have been carried out using an
Anton Paar HTK 1200 furnace mounted on a Philips Xpert diffractometer with
monochromatic CuKa;-radiation. Diffraction patterns were recorded in the range 17-90° 20
using a proportional counter with 4 s/step counting time and a step size of 0.02°. Lattice
parameters were determined using the LeBail method as implemented in the GSAS program
(Larson and Von Dreele, 1994). Refinements were carried out using space group symmetry
A2/a. Additional Rietveld refinements were carried out in the P2i/a setting at room

temperature. Starting fractional coordinates were taken from CaTiOGeO4 (Ellemann-Olesen
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and Malcherek, 2004a). Significant sample displacement, caused by temperature expansion of
the Al,O; sample stage (Malcherek, 2001), has been refined as part of the profile function.
The sample displacement exhibits a nearly linear behaviour as a function of temperature. Fig.
1 shows the powder diffraction pattern obtained for SrTiOGeO, at room temperature and the

calculated pattern from Rietveld refinement.
3. Results

Lattice parameters and structure refinement

On the basis of the disappearance of & + / = odd reflections the transition can be observed
directly from the diffraction patterns but due to background noise and the small intensities of
the superlattice reflections it is not possible to estimate the exact critical temperature in this

way from the powder diffraction data. At low temperatures the diffraction patterns exhibit the

k + [ = odd reflections indicative of P2;/a symmetry (Fig. 1). The intensities of the 212
superlattice reflection were extracted using the LeBail fit in space group P2,/a. The
superlattice reflections show a steady decrease with increasing temperature. Beyond 523 K no
clear indication of these reflections can be identified in the diffraction patterns.

By extrapolation of the lattice parameters measured for 7 < 1123 K towards lower
temperatures, linear reference functions of thermal expansion have been obtained for all lattice
parameters. The complete set of lattice parameter data for SrTiOGeOQy is illustrated in Fig. 2
and given in Table 1. The pattern of their evolution with temperature is in perfect analogy to
that observed for CaTiOGeO, (Ellemann-Olesen and Malcherek, 2004a). The transition is
accompanied by a significant expansion of the a-axis. Also the monoclinic B-angle shows a
significant deviation from the extrapolated high temperature behaviour. Both the a-lattice
parameter and the monoclinic angle show clear indications for the additional occurrence of an
1sosymmetric anomaly at 7; = 800 + 25 K (Fig. 2a, d) in accordance with the estimates for T;
in titanite (Zhang et al., 1997; Malcherek, 1999; Kek ef al., 1997) and CaTiOGeO4 (Ellemann-
Olesen and Malcherek, 2004a). Selected bond distances and interatomic angles for
SrTiOGeOy are given in Tables 2 and 3.

No phase-separation is evident at any of the intermediate compositions, which we have
synthesized. Across the solid solution the replacement of Ca by the larger Sr, as expected,
leads to a gradual increase in unit cell volume by 5 %. A slight linear decrease of the -angle is
observed as the Sr-content increases. The a-, b- and c-lattice parameters increase linearly

across the solid solution (Fig. 3).
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Concerning the data measured at intermediate compositions across the solid solution,
diffraction patterns have been recorded in the temperature range 298 — 773 K. An exception is
STGO50 and STGO where the measurements have been carried out up to 1073 K and 1123 K,
respectively. The complete set of lattice parameter data is given in Table 4. Irrespective of
composition all intermediate compounds exhibit similar lattice parameter evolution as a
function of temperature.

In order to take the possible occurrence of a structural anomaly at 7; above 773 K into account,
the linear reference functions of thermal expansion were obtained by extrapolation of the
lattice parameters measured for 7> 773 K towards lower temperatures using STGOS50 and the
endmember compositions SrTiOSi04 and CaTiOGeOs, respectively. The resulting individual
line slopes were plotted against composition and fitted using a parabola. Only in the case of the
c lattice parameter a straight line fit was sufficient to represent the composition dependence of
its temperature coefficient of thermal expansion. With these fixed line slopes, individual linear
functions of thermal expansion were obtained from the data measured up to 773 K. The same
procedure has already been used when analyzing strain data across the CaTiO(GexSi;«)O4

solid solution (Ellemann-Olesen and Malcherek, 2004a).

Rietveld refinements have been carried out for all room temperature data across the solid
solution. Unit cell parameters and atomic coordinates for all intermediate compositions at
room temperature are given in Table 5 and 6.

The variation of the mean bond lengths is displayed in Table 7. The mean bond distance Ge-O
is constant within the limits of the measurement accuracy, while, as expected, the mean bond
length of the A-cation to the surrounding oxygen atoms increases with increasing Sr content.
The composition dependence of the mean Ti-O bond distance is nearly symmetric with the
endmembers exhibiting the shortest bond lengths. Bond valence calculations were carried out

in order to compare CaTiOGeO4, SrTi0OGeO4 and the intermediate compounds (Table 8).
Spontaneous strain in SrTiOGeO4
The components of the spontaneous strain tensor have been calculated according to the

equations given by Carpenter et al., 1998. In the following the scalar spontaneous strain is

defined as

( 5 )1/2
e, =\2e;
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In the case of a zone boundary transition this property is proportional to the square of the

order parameter Q of the transition. The spontaneous strain associated with the P2,/a - A2/a

phase transition in SrTiOGeOQy is relatively small (Fig. 4). By extrapolation of e’ to zero the

transition temperature is estimated to 7, = 624 +/-7 K. However, the evolution of ¢’ with

temperature is complicated by a marked bending at lower temperatures and a significant

deviation from zero in the temperature range of 600 to 800 K (Fig 7). Similar behaviour is
observed in CaTiOGeO, but to a much lesser extent. If ¢’ is extrapolated to 0.2 x 10 in order

to account for this effect, the estimated transition temperature is 7, = 594 +/-10 K. At room
temperature the observed volume strain amounts to +0.15% (Fig. 4b). The onset of this
volume strain is located close to 800 K. The spontaneous strain components define rather well
constrained trends which do to large extend agree with the results of previous investigations of
titanite (Malcherek, 2001) and CaTiOGeOs (Ellemann-Olesen and Malcherek, submitted).
The e;; component is significantly larger than the e, and e33 components and it dominates the
strain along with e;3 in agreement with titanite and CaTiOGeOs. The ey, and e;3 components
are nearly equal in magnitude and very small. The component e, is negative for 7' < T¢, while
e33 1s positive. In analogy to CaTiOGeOs, e, does not disappear at 7, but it remains finite up
to the isosymmetric anomaly, 7; (Fig. 4a), giving rise to the significant scalar and volume
strain in this temperature interval, as noted above. At room temperature the spontaneous strain
component, e;3 is approximately 55 % lower in STGO than in CaTiOGeOy. The scalar strain
as a function of reduced temperature T/T. is plotted in Fig. 5 in comparison with titanite
(Malcherek, 2001) and CaTiOGeOs.

At room temperature the scalar strain for titanite and CaTiOGeO4 is 36 % larger than in
SrTiOGeOy. The square of the scalar strain is displayed in Fig. 7. This property shows a linear
relationship with temperature. Given the zone boundary character of the symmetry change, ¢’
~ Q" is the expected relationship between strain and driving order parameter, so that the

transition would be close to tricritical in character.

Spontaneous strain in the solid solution (Ca,Sr;.,)TiOGeO,

The temperature evolution of the spontaneous strain components for intermediate
compositions is similar to that described for the end members (cf. above and Ellemann-Olesen
and Malcherek, 2004a). A small volume strain is observed throughout. The scalar strain stays
nearly constant across the solid solution and its temperature evolution and magnitude is
similar to the endmember composition SrTi0OGeO;4 (Fig. 5).
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The strain components e;; and e;3 at the reduced temperature 7/7, = 0.75 have been examined
in order to evaluate a possible change in the strain behaviour as a function of composition
(Fig. 6). The evolution of the spontaneous strain component e;; with increasing content of Ca
is nearly linear across the solid solution. Only CaTiOGeOy, differs. A significant drop in strain
at this reduced temperature by nearly 45% takes place after addition of 10 mol% Sr to the
structure. The component e;3 is constant within the estimated error, while it is one order of
magnitude smaller than e;;. The scalar strain is nearly constant across the solid solution except

for CaTiOGeOy4 that exhibits a significantly larger scalar strain, due to the larger value of ey;.
The square of the scalar strain, Zeijz for the intermediate compositions (Fig. 7) increases

linearly below their respective transition temperatures, 7, which indicates that the transition

remains close to tricritical in character (Q* oc

T -T |) irrespective of the nature of the A

cation. The isostructural anomaly at 7; is best observed on the basis of the a-lattice parameter
and the monoclinic angle, although to a lesser extent it can be observed for all compositions in
Fig. 7.

Based on the strain analysis 7, for all compositions along the solid solution has been

determined by extrapolation of eto zero. Fig. 8 shows the behaviour of the transition

temperature with composition. According to this analysis 7, remains almost constant with
respect to the value of 588 K observed in CaTiOGeOy. Determination of the isosymmetric
transition temperature 7; is encumbered by large errors due to the way the extrapolation was
done, but it appears to remain more or less constant at 800 = 25 K in accordance with the
value observed in titanite and in CaTiOGeOs (Malcherek, 2001; Ellemann-Olesen and
Malcherek, 2004a).

4. Discussion

Structural parameters

Two parameters can be used to identify systematic changes of the titanite polyhedral
framework in response to cation substitutions (Malcherek and Ellemann-Olesen, 2004): The
torsion angle is defined as the angle between the chain direction, i.e. [100] in the present
setting, and the direction of the tetrahedral edge that bridges two neighbouring MOg
octahedra. It is controlled by the match between the length of the bridging tetrahedral edge
and the M-M distance. The octahedral ¢ilt angle, as measured by the angle M-O1-M, also
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controls this M-M distance. The tilt angle Ti-O1-Ti is ~148° in STGO compared to ~143° in
CaTiOGeO4 (Ellemann-Olesen and Malcherek, 2004a) and 141.5° in titanite (Kek et al.,
1997). Hence the tilt angle in SrTiOGeOy is relatively large and the octahedral chains are
stretched compared to CTGO and titanite, due to the larger size of the Sr-atom. A comparison
of the individual torsion angles reveals a slightly smaller angle in STGO of about 20° contrary
to a common value of 25° in titanite and CaTiOGeOs. The torsion angle for the intermediate
compounds is similar to CaTiOGeOs. The Ti shift, i.e. the length of the displacement vector
between the Ti position in P2,/a and the special Ti position of the aristotype structure, is very
similar in STGO and CTGO, with 0.129 A and 0.123 A respectively. For titanite the Ti shift
amounts to only 0.115 A, if based on the low temperature data of Kek et al., 1997. The
comparatively large and nearly identical Ti shifts in the two germanate compounds correspond
to their elevated and nearly identical transition temperatures, as obtained from the strain
analysis. In fact if we assume a common critical temperature of 594 K for both germanate
compounds and an average Ti shift of 0.127 A, the quotient of the square of these Ti-shifts in
STGO-CTGO and titanite is identical with the ratio of the respective critical temperatures, i.e.
594 K/487 K. This confirms the validity of the Abrahams-Kurtz-Jamieson relation (Abrahams
et al., 1968) for the titanite structure.

Polyhedral distortion parameters such as the octahedral angle variance (Robinson et al., 1971)
suggest that the TiOg octahedron in the endmember compositions are closer to the geometry
of an ideal octahedron than those at intermediate compositions, which are considerably
distorted. The endmembers show similar angle variance at 14.4 and 16.8, respectively (Table
9). A similar trend is seen in the GeO, tetrahedra. The average Ge-O bond length is nearly
constant across the solid solution, while an expected increase in the average size of the A-
polyhedra is observed. The mean Ti-O bond distance shows a near symmetric behaviour with
the endmembers having the lowest mean bond length (Fig. 9 and Table 5). The evolution of
the mean bond distance is in close agreement with the evolution of the Ti-O mean bond
distances across the solid solution CaTiO(GexSi;«)Os (Ellemann-Olesen and Malcherek,
2004a). Hammonds et al., 1998 predicted that due to the absence of rigid unit modes in the
titanite structure, polyhedral distortion is to be expected upon chemical substitution in titanite,
rather than polyhedral tilting. The distortion of the octahedra is also apparent through the
behaviour of the Ti-O bonds. The variation of the individual bond lengths is more pronounced
for the intermediate compounds compared to the endmember compositions and as a result the

octahedra and polyhedra are more distorted. This is in accordance with the observed
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behaviour across the CaTiO(GexSi1x)O4 solid solution (Ellemann-Olesen and Malcherek,
submitted).

Calculated bond valence sums are close to the formal oxidation states (Table 8). The bond
valence sums of STGO and CTGO indicate a nearly ideal valence for Ge (3.97 and 3.99,
respectively), while the valence of the Ti cation is higher than ideal, but reasonable. The
octahedra are as a result overbonded in this structure. This is the case for all investigated
compositions. The bond valence sum stays constant with composition contrary to the variation
of the bond valence sums along the titanite — malayaite join discussed by Kunz et al., 1997.
Along with the increasing overbonding on the octahedral site across the titanite-malayaite join
a corresponding decrease in the Ca bond valence is seen. This shows an increasing
coordination distortion of the CaO; polyhedron along the titanite-malayaite solid solution,
induced by the sterically driven increase of the volume of the CaO; polyhedron. Across
(CaxSr;x)TiOGeO4 no such correlation is observed. In CaTiOGeOs an underbonding is
observed in the polyhedron, while the bond valence sum of Sr in SrTiOGeO; is higher than
ideal (Table 8).

Transition temperature and strain behaviour

One of our objectives was to determine how the transition temperature, 7. changes as a
function of composition in the solid solution. Substitution of Ca by Sr leads within
experimental uncertainty to hardly any compositional variation of the transition temperature
(Fig. 8). In the titanite-structure the large A-polyhedron represents the most compressible
structural unit along with the octahedral chain. Thus the structure can adjust better to
substitution on the more flexible polyhedral site despite the larger size of the Sr-atom.

The observed behaviour in the (Ca,Sri4)TiOGeO4 solid solution contrasts with that of
CaTi0(GexSi;x)O4. Substitution of Ge for Si on the tetrahedral site has a rather significant
effect as T, increases linearly with increasing Ge-content (Ellemann-Olesen and Malcherek,
2004a). The solid solution titanite - malayaite (CaSnOSiQ,), studied by Kunz et al., 1997,
exemplifies how substitution of Ti by Sn on the octahedral site affects the structure. The
refinements at room temperature reveal a high sensitivity of the crystal symmetry on the
amount of octahedral Sn present. The series of experiments reveal that already at a Sn
concentration of 10 % the ordered P2;/a phase is destabilized and the disordered monoclinic
A2/a structure is observed. In agreement with this behaviour substitution of Ti by Zr across
the solid solution Ca(TixZr;<)OGeOy is found to suppress 7, by 100 K already at 5 % Zr. By
substitution of 20 % Zr the P2,/a — A2/a transition is no longer observed at ambient
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temperatures. Substitution of Zr for Ti however is further complicated by the fact that the
endmember composition CaZrOGeO, exhibits a triclinically distorted structure in analogy
with high-pressure malayaite (Malcherek and Ellemann-Olesen, 2004; Ellemann-Olesen and
Malcherek, 2004b; Rath et al., 2003).

In analogy to titanite (Zhang et al., 1997) and CaTiO(GexSi;x)O4 (Ellemann-Olesen and
Malcherek, 2004a) the isostructural anomaly, 7; is found to remain rather constant at about
800 K. Zhang et al. (1997) conclude that the high-temperature phase transition in titanite
shows a completely different behaviour contrary to the antiferroelectric phase transition at 7;
= 487 K. They observed that impurities of Fe and Al substituted for Ti exhibit much less
effect on the second phase transition near 825 K than on the first at 487 K, where substitution
is having a large impact and the transition is suppressed. The effect of Fe, Al substitution is to
block the lower temperature transition at 7¢, while substitution of Sr for Ca does not seem to

affect 7.

Due to the structural changes that arise from substituting Sr for Ca significant differences
appear in the behaviour of scalar strain between the two endmember compositions. Across
most of the solid solution the scalar strain stays almost constant. But CaTiOGeOQ;, differs with
an increase of 36 % at room temperature. The temperature evolution of scalar strain in
CaTi0GeO4 is comparable to titanite (Malcherek, 2001). The smaller absolute strain in STGO
can probably be related to the larger size of Sr and the resulting larger tilting of the octahedra.
This will expand the axis parallel to the chain direction, so that the distortion generated by the

shift of the Ti-cation is smaller.

The square of the scalar strain shows a noticeably deviation from zero in the temperature
range of 600 — 800 K, in which a maximum value of 0.2 10 is reached (Fig. 7). In the
compound CTGO the square of the scalar strain remains finite up to 800 K, but to a much
lesser extent and 7, is estimated by extrapolation to zero (Ellemann-Olesen and Malcherek,
2004a). Similar behaviour is not observed for titanite (Malcherek, 2001). A larger deformation
of the unit cell is thus attributable to the isosymmetric anomaly in STGO.

The substitution of Ca by Sr leads to minor changes in the spontaneous strain component e
related to the expansion along the a-axis. As observed (Fig. 6) the strain component ej;
exhibits a minor gradual increase with increasing Sr-content. The observed strain of the
endmember compositions, however, is near equal at room temperature (Fig. 6). The expansion

along the a-axis indicates that substituting the larger Sr into the structure presumably affects

104



the Ti-octahedra, as the octahedral chain and the CaO chain are mutually interconnected. The
octahedral chains will adjust to yield space to the larger cation as discussed above, where the
larger tilt angle of STGO is connected to changes of the titanite polyhedral framework in
response to cation substitutions.

A significant difference in strain behaviour between SrTiOGeO, and the endmember
composition CaTiOGeOy is the absence of strain parallel [010] in STGO, while in CTGO a
small but non-zero value of ey, is observed (Ellemann-Olesen and Malcherek, 2004a). The
strain in SrTiI0GeOy is equally dominated by the spontaneous strain components e;; and e;3 as
in titanite (Malcherek, 2001). However, in analogy with CaTiOGeQ, the strain component e;;
does not disappear at T, but it remains finite up to the isosymmetric anomaly, 7; (Fig. 3). This
behaviour differs from that observed in titanite. In titanite it is only the e;3 component, which
is finite at temperatures above 7, and which vanishes at 7; (Malcherek, 2001). For 7' > T the

component e;; does not contribute to the strain in titanite.

5. Conclusions

The behaviour of SrTiOGeOQ;, is similar to the well known behaviour of titanite characterized
by the P2,/a — A2/a transition. SrTiOGeO4 and CaTiOGeO4 form a complete solid solution
and they exhibit nearly identical properties with regard to the occurring structural phase
transitions. The temperature of the P2,/a — A2/a transition is constant across the solid
solution. In analogy with titanite X-ray powder diffraction indicates the additional occurrence
of an isosymmetric anomaly at about 800 K, which is not altered by the Ca/Sr substitution

either. The transition is close to tricritical in character for all compositions.
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Table 1. SrTi0OGeOQy,. Lattice parameters as a function of temperature.

T (K) a () b(A) c(A) BC) v (A)
298 7.22520(2)  9.07540(9) 6.78517(9) 113.510(1) 407.982(8)
348 7.22543(4)  9.07717(8) 6.78590(3) 113.499(1) 408.153(8)
373 7.22634(5)  9.07973(4) 6.78775(9) 113.493(1) 408.449(9)
398 7.22663(9)  9.08187(5) 6.78887(9) 113.487(1) 408.648(8)
423 7.22704(2)  9.08382(5) 6.78994(3) 113.481(1) 408.842(4)
448 7.227492)  9.08591(7) 6.79142(9) 113.472(1) 409.078(7)
473 7.22772(3)  9.08762(3) 6.79186(9) 113.467(1) 409.210(7)
498 7.22765(7)  9.08930(9) 6.79299(6) 113.460(1) 409.372(7)
523 7.22769(8)  9.09164(9) 6.79429(9) 113.452(1) 409.583(9)
538 7.22716(8)  9.09266(5) 6.79473(9) 113.444(1) 409.650(9)
553 7.22726(9)  9.09390(9) 6.79543(2) 113.440(1) 409.766(7)
573 7.22678(2)  9.09567(5) 6.79642(9) 113.435(1) 409.894(7)
598 7.22625(9)  9.09717(2) 6.79706(5) 113.427(1) 409.995(7)
623 7.22660(7)  9.09979(4) 6.79855(4) 113.415(1) 410.260(6)
648 7.22713(3)  9.10205(2) 6.80010(7) 113.409(1) 410.504(6)
673 7.22740(5)  9.10403(6) 6.80144(8) 113.404(1) 410.705(7)
723 7.22760(6)  9.10743(3) 6.80321(3) 113.391(1) 411.017(5)
748 7.22788(9)  9.10924(9) 6.80443(3) 113.384(1) 411.210(7)
773 7.22806(6)  9.11101(9) 6.80541(7) 113.379(1) 411.375(7)
873 7.22959(6)  9.11909(3) 6.81032(6) 113.357(1) 412.193(6)
923 7.23064(9)  9.12248(4) 6.81271(6) 113.350(1) 412.572(7)
973 7.23175(6)  9.12612(2) 6.81530(2) 113.342(1) 412.982(5)
1023 7.23294(8)  9.13018(3) 6.81806(5) 113.333(1) 413.429(6)
1073 7.2341209)  9.13371(8) 6.82059(7) 113.325(1) 413.835(8)
1123 7.23553(8)  9.13782(4) 6.82332(7) 113.318(1) 414.289(7)

108



Table 2. SrTiOGeO,: Interatomic distances (A) at room temperature.

Ti-O1 1.787(1)
Ti-O1’ 1.972(2)
Ti-O2A 1.959(2)
Ti-O2B 2.063(2)
Ti-O3A 2.114(3)
Ti-O3B 1.895(2)
Mean 1.965

Ca-0Ol1 2.488(2)
Ca-O2A 2.475(2)
Ca-02B 2.589(3)
Ca-O3A 2.516(2)
Ca-0O3B 2.548(1)
Ca-0O3A° 2.646(2)
Ca-0O3B’ 2.678(1)
Mean 2.563

Ge-0O2A 1.783(2)
Ge-02B 1.746(2)
Ge-O3A 1.688(1)
Ge-O3B 1.802(2)
Mean 1.755
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Table 3. SrTiOGeOy: Interatomic angles (°) at room temperature.

01-Ti-02A 92.06(1)
01-Ti-02B 97.40(1)
01-Ti-O3A 91.20(1)
01-Ti-O3B 93.65(1)
O1’-Ti-02A 83.86(1)
O1°-Ti-02B 86.60(1)
O1’-Ti-03A 87.63(1)
O1°-Ti-O3B 87.77(1)
02A-Ti-O3A 90.31(1)
02A-Ti-O3B 92.76(1)
02B-Ti-03A 85.89(1)
02B-Ti-03B 90.27(1)
Ti-O1-Ti 147.94(1)
02A-Ge-02B 101.87(2)
02A-Ge-O3A 109.65(2)
02A-Ge-O3B 112.29(2)
02B-Ge-03A 105.28(2)
02B-Ge-03B 116.57(1)
03A-Ge-O3B 110.60(1)
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Table 4. (Ca,Sr;x)TiOGeOy. Lattice constants and volume for all intermediate samples as a
function of temperature.

Mol% Sr

90 T (K) a(A) b (A) ¢ (A) B () V(&%)
298 7.21252(4) 9.05575(2) 6.76927(2) 113.520(1) 405.401(4)
348 721313(7)  9.05921(2)  6.77096(3)  113.506(1)  405.735(5)
373 7.21358(7) 9.05729(7) 6.76987(6) 113.518(1) 405.572(7)
398 721323(5)  9.06185(5)  6.77196(5)  113.495(1)  405.953(6)
423 721417(2)  9.06122(3)  6.77172(5)  113.502(1)  405.941(5)
473 7.21450(9)  9.06510(4)  6.77397(3)  113.484(1)  406.324(6)
498 7.21439(2) 9.06727(2) 6.77529(4) 113.471(1) 406.534(4)
523 721423(9)  9.06932(3)  6.77633(3)  113.470(1)  406.683(6)
548 7.21397(4) 9.07279(4) 6.77820(2) 113.460(1) 406.967(4)
573 721379(6)  9.07483(5)  6.77928(2)  113.452(2)  407.138(7)
623 7.21287(8) 9.07784(3) 6.78086(5) 113.433(2) 407.374(8)
648 7.21380(5)  9.08007(2)  6.78252(6)  113.430(1)  407.636(6)
673 7.21402(9) 9.08155(4) 6.78411(4) 113.425(2) 407.826(9)
723 721520(7)  9.08654(5)  6.78667(3)  113.412(2)  408.311(8)
748 7.21604(4) 9.08886(5) 6.78768(2) 113.406(1) 408.542(5)
773 7216653)  9.09017(3)  6.78931(2)  113.405(1)  408.737(4)

70 T(K) a(A) b(A) c(A) B () vV (A)
298 7.191602)  9.01342(3)  6.73876(4)  113.593(1)  400.300(4)
348 7.19505(4) 9.02119(4) 6.74248(3) 113.577(1) 401.108(5)
373 7.19499(9)  9.02152(2)  6.74350(2)  113.583(2)  401.161(8)
398 7.19531(2) 9.02342(6) 6.74460(8) 113.575(2) 401.353(8)
423 7.19556(3)  9.02670(5)  6.74569(9)  113.557(1)  401.633(7)
448 7.19541(2) 9.02789(9) 6.74609(4) 113.553(1) 401.714(6)
473 7.19601(3)  9.02937(2)  6.74757(2)  113.553(1)  401.901(4)
488 7.19594(6) 9.02950(3) 6.74688(9) 113.540(2) 401.902(9)
508 7.19554(3)  9.03267(6)  6.74817(7)  113.529(1)  402.131(6)
523 7.19617(9) 9.03370(2) 6.74939(9) 113.525(1) 402.297(8)
538 7.19506(2)  9.03471(3)  6.74900(3)  113.524(1)  402.260(4)
553 7.19511(2) 9.03731(5) 6.75160(9) 113.515(1) 402.561(7)
573 7.19472(4)  9.03736(3)  6.75036(4)  113.504(1)  402.501(5)
598 7.19476(4) 9.03911(3) 6.75125(3) 113.495(1) 402.662(4)
623 7.19496(9)  9.03980(9)  6.75228(7)  113.507(1)  402.728(8)
648 7.19556(2) 9.04205(2) 6.75366(7) 113.487(2) 403.006(8)
673 7.19570(4)  9.04387(3)  6.75394(5)  113.474(1)  403.151(5)
723 7.19706(3) 9.04688(4) 6.75654(9) 113.487(1) 403.477(7)
748 7.19746(7)  9.04940(9)  6.75819(3)  113.468(1)  403.769(7)
773 7.19825(2) 9.05293(4) 6.75990(2) 113.472(1) 404.060(4)
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60 T(K) a (A) b (A) ¢ (A) B (°) V(A
298 7.19292(9) 8.99967(2) 6.72950(5) 113.647(2) 399.049(8)
348 7.19220(8) 9.00046(2) 6.72795(4) 113.643(2) 398.964(8)
373 7.19255(3) 9.00205(4) 6.72923(3) 113.629(1) 399.171(4)
398 7.19240(3) 9.00395(5) 6.72971(7) 113.636(1) 399.255(6)
423 7.19287(2) 9.00673(5) 6.73133(3) 113.627(1) 399.528(4)
448 7.19281(5) 9.00822(8) 6.73251(5) 113.614(1) 399.701(6)
473 7.19273(6) 9.00902(8) 6.73277(8) 113.606(1) 399.772(7)
498 7.19284(6) 9.01101(9) 6.73442(8) 113.598(1) 399.988(8)
523 7.19298(5) 9.01437(9) 6.73654(3) 113.590(2) 400.296(8)
538 7.19311(3) 9.01599(3) 6.73671(4) 113.580(1) 400.415(4)
553 7.19292(3) 9.01673(4) 6.73688(5) 113.582(1) 400.441(5)
573 7.19313(9) 9.01778(2) 6.73699(6) 113.569(1) 400.522(7)
598 7.19189(9) 9.01835(5) 6.73796(6) 113.560(1) 400.588(7)
623 7.19287(3) 9.02084(6) 6.73924(3) 113.558(1) 400.835(5)
648 7.19315(2) 9.02269(6) 6.74046(9) 113.556(1) 401.012(7)
673 7.19398(3) 9.02379(4) 6.74084(5) 113.550(1) 401.147(5)
723 7.19523(2) 9.02917(4) 6.74357(9) 113.542(1) 401.644(7)
748 7.19599(9) 9.03019(8) 6.74476(4) 113.534(2) 401.826(9)
773 7.19670(9) 9.03168(2) 6.74674(4) 113.526(1) 402.076(6)

50 7(K) a(A) b(A) c(A) B () V(&Y
298 7.17794(9) 8.97526(2) 6.71050(2) 113.658(1) 395.983(6)
348 7.18008(3) 8.97786(3) 6.71173(4) 113.658(2) 396.289(7)
373 7.18080(5) 8.98129(5) 6.71318(3) 113.646(1) 396.602(5)
398 7.18057(8) 8.98280(8) 6.71482(8) 113.645(1) 396.756(8)
423 7.18183(9) 8.98651(2) 6.71617(5) 113.641(1) 397.081(7)
448 7.18135(4) 8.99028(8) 6.71839(5) 113.630(1) 397.386(6)
473 7.18202(2) 8.98988(3) 6.71830(8) 113.608(1) 397.467(6)
488 7.18193(2) 8.99187(2) 6.71947(9) 113.607(2) 397.622(8)
508 7.18198(3) 8.99228(8) 6.71963(7) 113.602(1) 397.668(6)
523 7.18153(5) 8.99480(3) 6.72082(9) 113.600(1) 397.831(7)
538 7.18204(8) 8.99505(3) 6.72119(3) 113.594(1) 397.910(6)
553 7.18152(3) 8.99754(5) 6.72126(2) 113.584(1) 398.026(4)
573 7.18182(2) 8.99824(2) 6.72199(5) 113.576(1) 398.141(4)
598 7.18138(8) 9.00135(6) 6.72333(5) 113.572(1) 398.346(7)
623 7.18185(3) 9.00128(3) 6.72414(4) 113.570(1) 398.423(4)
648 7.18202(2) 9.00361(9) 6.72526(4) 113.565(1) 398.617(6)
673 7.18318(2) 9.00638(9) 6.72721(8) 113.563(1) 398.926(7)
723 7.18364(4) 9.00899(3) 6.72919(3) 113.547(2) 399.233(7)
748 7.18430(5) 9.01179(7) 6.73034(2) 113.540(1) 399.483(5)
773 7.18516(8) 9.01344(6) 6.73058(3) 113.533(1) 399.640(6)
823 7.18566(3) 9.01461(2) 6.73209(9) 113.527(1) 399.827(6)
873 7.18736(9) 9.01914(2) 6.73519(9) 113.518(1) 400.339(8)
923 7.18852(3) 9.02281(5) 6.73745(2) 113.511(1) 400.717(4)
973 7.18996(3) 9.02634(6) 6.73981(9) 113.508(1) 401.104(7)
1023 7.19230(6) 9.02913(2) 6.74228(2) 113.499(1) 401.537(5)
1073 7.19319(8) 9.03734(4) 6.74487(5) 113.491(1) 401.969(6)




40 TEK a(A) b(A) c(A) B () V (A)
298 7.17573(9)  8.95649(3)  6.69879(2)  113.708(1)  394.157(6)
348 7.17765(2)  8.96308(8)  6.70161(2)  113.686(1)  394.821(5)
373 7.17832(7)  8.96210(5)  6.70222(5)  113.688(1)  394.844(6)
398 7.17900(4)  8.96570(4)  6.70365(8)  113.674(1)  395.167(6)
423 7.17865(5)  8.96726(3)  6.70455(5)  113.673(1)  395.272(5)
448 7.17877(6)  8.96839(4)  6.70549(9)  113.670(1)  395.393(7)
473 7.17900(8)  8.97031(8)  6.70593(4)  113.657(1)  395.556(7)
498 7.17895(8)  8.97272(9)  6.70668(2)  113.650(1)  395.726(7)
523 7.17897(3)  8.97496(2)  6.70856(4)  113.642(1)  395.960(4)
538 7.17881(4)  8.97619(9)  6.70858(5)  113.631(1)  396.040(6)
553 7.17881(5)  8.97703(9)  6.70972(5)  113.627(1)  396.157(6)
573 7.17847(5)  8.97834(4)  6.70902(2)  113.624(1)  396.163(5)
598 7.17835(5)  8.98057(3)  6.71106(7)  113.619(1)  396.390(6)
623 7.17850(9)  8.98255(5)  6.71145(8)  113.611(1)  396.534(8)
648 7.17900(9)  8.98351(7)  6.71268(2)  113.602(1)  396.704(7)
673 7.17926(3)  8.98618(6)  6.71446(4)  113.599(1)  396.950(5)
723 7.18059(4)  8.98991(6)  6.71675(6)  113.596(1)  397.334(6)
748 7.18150(9)  8.99224(8)  6.71734(6)  113.583(1)  397.561(8)
773 7.18197(8)  8.99347(8)  6.71839(3)  113.582(1)  397.706(7)

30 TK) a(A) b(A) c(A) B () V (A)
298 7.16777(6)  8.94086(4)  6.68690(2)  113.724(1)  392.323(5)
348 7.17064(6)  8.94437(8)  6.68902(3)  113.716(1)  392.783(6)
373 7.17201(8)  8.94569(9)  6.68974(5)  113.727(1)  392.925(7)
398 7.172192)  8.95084(4)  6.69183(5)  113.708(1)  393.341(5)
423 7.17336(2)  8.95237(2)  6.69269(8)  113.694(1)  393.565(6)
448 7.17316(4)  8.95576(2)  6.69463(5)  113.688(1)  393.836(5)
473 7.17381(5)  8.95721(6)  6.69539(9)  113.677(1)  394.013(7)
488 7.17344(5)  8.95875(4)  6.69637(2)  113.672(1)  394.133(5)
508 7.17449(9)  8.96026(5)  6.69759(7)  113.671(1)  394.332(7)
523 7.17421(9)  8.96115(7)  6.69765(8)  113.655(1)  394.408(8)
538 7.17407(2)  8.96302(3)  6.69832(2)  113.657(1)  394.516(4)
553 7.17366(2)  8.96443(2)  6.69856(3)  113.640(1)  394.621(4)
573 7.17314(5)  8.96403(3)  6.69866(5)  113.640(1)  394.580(5)
598 7.173043)  8.96556(8)  6.69969(9)  113.638(1)  394.709(7)
623 7.17395(5)  8.97081(9)  6.70189(9)  113.610(1)  395.204(8)
648 7.17444(8)  8.97097(9)  6.70231(5)  113.624(2)  395.221(9)
673 7.17535(9)  8.97273(4)  6.70355(5)  113.606(2)  395.476(7)
723 7.17659(3)  8.97699(9)  6.70528(8)  113.607(1)  395.831(7)
748 7.177053)  8.978793)  6.70796(3)  113.614(1)  396.073(4)
773 7.17747(4)  8.98155(2)  6.70845(7)  113.594(2)  396.307(8)
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10 7K a (A) b(A) c(&) B ) V (A
298 7.15800(2) 8.90751(3) 6.66305(7) 113.766(1) 388.809(5)
348 7.15990(4) 8.91229(4) 6.66440(4) 113.762(1) 389.212(5)
373 7.16051(2) 8.91360(2) 6.66477(3) 113.739(1) 389.393(4)
398 7.16113(4) 8.91640(9) 6.66724(3) 113.742(1) 389.684(6)
423 7.16161(8) 8.91869(9) 6.66755(8) 113.727(1) 389.873(8)
448 7.16172(2) 8.91998(5) 6.66822(7) 113.726(1) 389.978(6)
473 7.16167(3) 8.92199(8) 6.66960(5) 113.714(1) 390.180(6)
488 7.16167(7) 8.92422(9) 6.67042(5) 113.707(1) 390.346(7)
508 7.16199(9) 8.92508(3) 6.67135(4) 113.701(1) 390.474(6)
523 7.16238(7) 8.92588(5) 6.67163(8) 113.696(2) 390.561(9)
538 7.16235(3) 8.92802(5) 6.67281(9) 113.689(2) 390.743(8)
553 7.16234(2) 8.92858(4) 6.67254(9) 113.679(1) 390.781(6)
573 7.16217(9) 8.93083(8) 6.67375(9) 113.677(2) 390.946(9)
598 7.16203(5) 8.93217(8) 6.67428(4) 113.662(1) 391.074(6)
623 7.16268(5) 8.93418(4) 6.67599(2) 113.662(1) 391.298(5)
648 7.16325(6) 8.93689(2) 6.67639(2) 113.650(1) 391.507(5)
673 7.16375(9) 8.93798(4) 6.67741(5) 113.647(1) 391.651(7)
723 7.16447(8) 8.94164(2) 6.68000(2) 113.636(1) 392.036(6)
748 7.16489(9) 8.94429(9) 6.68112(3) 113.634(1) 392.247(7)
773 7.16638(3) 8.94561(5) 6.68240(8) 113.631(1) 392.470(6)
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Table 5. Lattice parameters for (Ca,Sr; <) TiOGeQOy4 at room temperature.

Mol % Sr a(A) b (A) c(A) B (°) V (A%
100 7.22520(2) 9.07540(9) 6.78517(9) 113.510(1) 407.982(8)
90 7.21252(4) 9.05575(2) 6.76927(2) 113.520(1) 405.401(4)
70 7.19160(2) 9.01342(3) 6.73876(4) 113.593(1) 400.300(4)
60 7.19292(9) 8.99967(2) 6.72950(5) 113.647(2) 399.049(8)
50 7.17794(9) 8.97526(2) 6.71050(2) 113.658(1) 395.983(6)
40 7.17573(9) 8.95649(3) 6.69879(2) 113.708(1) 394.157(6)
30 7.16777(6) 8.94086(4) 6.68690(2) 113.724(1) 392.323(5)
10 7.15800(2) 8.90751(3) 6.66305(7) 113.766(1) 388.809(5)
0 7.15830(1) 8.88540(1) 6.64900(1) 113.834(1) 386.840(9)

Notes: Data for CaTiOGeOQ, see Ellemann-Olesen and Malcherek, 2004a.

Table 6. Atomic positional parameters and isotropic thermal vibration parameters (A x 10”) at
room temperature using SG P2,/a for (Ca,Sr;x)Ti0OGeOys.

Mol% Sr

100 X y z Uiso occ
Sr 0.2439(1) 0.4193(5) 0.2525(9) 2434(3) 1.000
Ti 0.5143(8) 0.2527(4) 0.7438(6) 1931(2) 1.000
Ge 0.7479(5) 0.4377(1) 0.2471(9) 2495(2) 1.000
Ol 0.7478(1) 0.3067(7) 0.7327(3) 1446(3) 1.000
02A 0.9031(2) 0.3097(1) 0.4425(6) 1446(3) 1.000
O2B 0.0789(7) 0.1791(7) 0.0545(1) 1446(3) 1.000
O3A 0.3936(7) 0.4661(3) 0.6510(1) 1446(3) 1.000
O3B 0.6069(9) 0.0605(4) 0.8444(2) 1446(3) 1.000
Rp  0.139

R(F?) 0.087

90 X h% z Uiso occ
Ca 0.2444(7) 0.4195(8) 0.2533(1) 2524(5) 0.923(9)
Sr 0.2444(7) 0.4195(8) 0.2533(1) 2524(5) 0.076(1)
Ti 0.5122(9) 0.2595(1) 0.7483(6) 1545(4) 1.000
Ge 0.7457(3) 0.4365(7) 0.2468(9) 1300(6) 1.000
Ol 0.7406(7) 0.3119(6) 0.7457(5) 1079(4) 1.000
02A 0.9008(5) 0.3165(1) 0.4416(3) 1079(4) 1.000
O2B 0.0801(2) 0.1912(1) 0.0617(7) 1079(4) 1.000
O3A 0.4061(8) 0.4503(2) 0.6385(8) 1079(4) 1.000
O3B 0.6184(2) 0.0418(2) 0.8444(3) 1079(4) 1.000
Rp  0.183
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R(F?) 0.129

70 X y z Uiso occ

Ca 0.2442(6) 0.4194(5) 0.2539(1) 2494(5) 0.699(7)
Sr 0.2442(6) 0.4194(5) 0.2539(1) 2494(5) 0.300(3)
Ti 0.5170(4) 0.2594(4) 0.7541(6) 1650(4) 1.000
Ge 0.7484(2) 0.4358(8) 0.2556(7) 1287(6) 1.000
Ol 0.7565(7) 0.3075(6) 0.7682(1) 1116(4) 1.000
02A 0.9041(7) 0.3217(6) 0.4482(1) 1116(4) 1.000
O2B 0.0771(2) 0.1986(8) 0.0693(5) 1116(4) 1.000
O3A 0.3867(1) 0.4594(9) 0.6410(9) 1116(4) 1.000
O3B 0.6049(2) 0.0447(6) 0.8477(8) 1116(4) 1.000
Rp  0.204

R(F%) 0.152

60 X y z Uiso occ

Ca 0.2452(7) 0.4207(6) 0.2499(6) 2720(4) 0.610(4)
Sr 0.2452(7) 0.4207(6) 0.2499(6) 2720(4) 0.389(6)
Ti 0.5116(2) 0.2511(9) 0.7446(1) 1322(5) 1.000
Ge 0.7499(8) 0.4341(9) 0.2472(8) 1577(3) 1.000
Ol 0.7520(8) 0.3095(7) 0.7540(8) 762(4) 1.000
02A 0.9108(3) 0.3046(8) 0.4187(9) 762(4) 1.000
O2B 0.0727(1) 0.1848(6) 0.0457(3) 762 (4) 1.000
O3A 0.3950(1) 0.4602(1) 0.6492(8) 762 (4) 1.000
O3B 0.6000(8) 0.0460(7) 0.8472(5) 762 (4) 1.000
Rp  0.096

R(F?) 0.040

50 X y z Uiso occ

Ca 0.2414(9) 0.4195(2) 0.2531(2) 2597(5) 0.492(6)
Sr 0.2414(9) 0.4195(2) 0.2531(2) 2597(5) 0.507(4)
Ti 0.5157(9) 0.2547(8) 0.7425(7) 1644(3) 1.000
Ge 0.7431(7) 0.4330(9) 0.2489(1) 1262(5) 1.000
Ol 0.7506(6) 0.3192(2) 0.741009) 660(3) 1.000
02A 0.9043(8) 0.3067(3) 0.4492(3) 660(3) 1.000
O2B 0.0670(6) 0.1856(1) 0.0846(6) 660(3) 1.000
O3A 0.3935(5) 0.4683(8) 0.6496(2) 660(3) 1.000
O3B 0.6125(2) 0.0554(4) 0.8544(1) 660(3) 1.000
Rp  0.204

R(F?) 0.164
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40 X h% z Usiso occ

Ca 0.2373(2) 0.4197(5) 0.2515(2) 2544(4) 0.406(7)
Sr 0.2373(2) 0.4197(5) 0.2515(2) 2544(4) 0.593(3)
Ti 0.5120(5) 0.2486(5) 0.7397(9) 1942(4) 1.000
Ge 0.7455(9) 0.4343(4) 0.2488(8) 1955(5) 1.000
Ol 0.7433(6) 0.3152(1) 0.7511(7) 659(3) 1.000
O2A 0.8958(6) 0.3089(5) 0.4385(7) 659(3) 1.000
O2B 0.0676(5) 0.1973(1) 0.0777(8) 659(3) 1.000
O3A 0.4003(1) 0.4602(5) 0.6450(3) 659(3) 1.000
O3B 0.6091(3) 0.0399(6) 0.8513(7) 659(3) 1.000
Rp  0.144

R(F?) 0.092

30 X y z Uiso occ

Ca 0.2444(5) 0.4202(9) 0.2550(3) 2071(5) 0.286(1)
Sr 0.2444(5) 0.4202(9) 0.2550(3) 2071(5) 0.713(9)
Ti 0.5114(6) 0.2553(3) 0.7421(1) 1362(4) 1.000
Ge 0.7446(2) 0.4343(6) 0.2483(6) 2339(5) 1.000
Ol 0.7420(8) 0.3169(6) 0.7538(4) 1017(4) 1.000
02A 0.9073(8) 0.3039(6) 0.4324(2) 1017(4) 1.000
O2B 0.0738(5) 0.1913(8) 0.0652(7) 1017(4) 1.000
O3A 0.3923(3) 0.4669(1) 0.6362(1) 1017(4) 1.000
O3B 0.6120(9) 0.0519(4) 0.8492(7) 1017(4) 1.000
Rp  0.215

R(F?) 0.178

10 X y z Uiso occ

Ca 0.2391(6) 0.4206(9) 0.2506(5) 1289(5) 0.096(4)
Sr 0.2391(6) 0.4206(9) 0.2506(5) 1289(5) 0.903(6)
Ti 0.5148(1) 0.2580(1) 0.7497(2) 1483(4) 1.000
Ge 0.7499(1) 0.4340(2) 0.2462(9) 1938(4) 1.000
Ol 0.7440(7) 0.3105(9) 0.7355(3) 1578(4) 1.000
02A 0.9086(9) 0.3041(9) 0.4351(4) 1578(4) 1.000
02B 0.0685(4) 0.1893(1) 0.0558(4) 1578(4) 1.000
O3A 0.3842(5) 0.4631(6) 0.6420(3) 1578(4) 1.000
O3B 0.6015(4) 0.0458(6) 0.8536(7) 1578(4) 1.000
Rp  0.210

R(F%) 0.173

Notes: Data for CaTiOGeOy see Ellemann-Olesen and Malcherek, 2004a.
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Table 7. Mean bond lengths (A) at room temperature using SG P2//a.

Mol % Sr Ge-O Ti-O Ca-0O/Sr-O
STGO 1.755 1.965 2.563
90 1.758 1.978 2.526
70 1.743 1.981 2.521
60 1.758 1.985 2.510
50 1.737 1.996 2.498
40 1.745 1.995 2.470
30 1.747 1.972 2.474
10 1.750 1.964 2.479
CTGO 1.750 1.960 2.468

Table 8. Results of bond valence calculations performed on (CaxSr;4)TiOGeOs.

Mol % Sr STGO 90 70 60 50 40 30 10 CTGO
Ge 3.99 3.98 4.02 4.04 3.96 3.93 4.02 3.99 3.97
Ti 4.17 4.17 4.17 4.18 4.18 4.18 4.18 4.18 4.18
Ca/Sr 2.08 2.06 2.02 2.00 1.98 1.96 1.94 1.90 1.88

Notes: bond valence sums were calculated according to Brese and O’Keefe (1991). Bond valence
sums for mixed site occupancies have been calculated using weighted averages of the end
member values. Data for CaTiOGeO,4 and CaZrOGeQ, are taken from Ellemann-Olesen and
Malcherek, 2004a and Malcherek and Ellemann-Olesen, 2004, respectively.

Table 9. Results of angle variance calculations performed on (Ca,Sr;x)TiOGeOs.

Mol % Sr  STGO 90 70 60 50 40 30 10 CTGO
Ge 27.0 28.4 27.3 37.9 60.4 68.1 44 .4 38.5 23.0
Ti 14.4 21.7 33.1 14.6 30.7 34.5 18.9 26.4 16.6

Notes: the angle variance was calculated according to Robinson et al., 1971. Data for
CaTiOGeO,4 are taken from Ellemann-Olesen and Malcherek, 2004a and Malcherek and
Ellemann-Olesen, 2004, respectively.
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is linear with temperature and implies that the transition is tricritical in character.
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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 are examined
using in situ high temperature X-ray powder diffraction. Structural phase transitions are
identified based on the determination of spontaneous strain. The transition P2,/a — A2/a
typical for titanite and CaTiOGeOy is observed in samples with Zr concentrations up to 10%.
The addition of Zr destabilizes the ordered P2,/a phase and 7, decreases accordingly. The
aristotype structure of titanite in space group symmetry A2/a is observed for intermediate
compounds. Compounds with high Zr content exhibit a triclinically distorted titanite structure.
Their structure has been modelled in space group symmetry A1 . The triclinic structure appears
at Zr contents of about 70% with 7, close to ambient temperature. Further increase of the Zr

content stabilizes the triclinic structure and leads to an increase of 7¢; up to 7, = 488 K in

CazZrOGeQs.

1. Introduction

The structure of CaZrOGeO, has recently been described as a triclinically distorted titanite
structure, which transforms to the titanite aristotype structure near 488 K (Malcherek and
Ellemann-Olesen, 2004). However, in terms of structural phase transitions the mineral titanite,
CaTi0SiQy, is well known for its P2;/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 articles (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 behaviour has been observed for the Ge-analogue, CaTiOGeOy4 (Ellemann-Olesen and
Malcherek, 2004). In these materials the displacive phase transition is characterized by
displacement of the titanium atom from the centre of the [TiO4] 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 centre of the [TiO¢] octahedra. In titanite true A2/a
symmetry is suggested to be attained only at a second phase transition at about 7; = 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 behaviour is

observed in isomorphous compounds and in solid solutions, with Sr substituting for Ca
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(Ellemann-Olesen and Malcherek, in preparation) or with Ge substituting for Si (Ellemann-
Olesen and Malcherek, 2004).

Furthermore it is known that the titanite topology may occur in a triclinically distorted form
under certain conditions (Malcherek and Ellemann-Olesen, 2004). Examples include the
montebrasite-amblygonite series Li[Al(PO4)OH]-Li[AI(PO4)F] (Groat et al., 1990), the
structure of CaGe,Os (Aust et al., 1976) or the high-pressure form of malayaite (Rath et al.,
2003). The structure of CaZrOGeOy is topologically identical to the structure of the triclinic
high-pressure form of malayaite (Malcherek and Ellemann-Olesen, 2004). Similar triclinic to
monoclinic phase transitions may occur as a function of temperature, e.g. in CaGe,Os at T.* =
714 £ 3 K (Malcherek and Bosenick, 2004). The present study reports temperature- and

composition dependent displacive phase transitions in the solid solution Ca(TixZr;x)OGeOs.

2. Experimental

A series of six samples has been synthesized by solid state reaction along the join
Ca(TixZr1x)0GeOs (CTGOx) with x = 0.95, 0.90, 0.80, 0.50, 0.20 and 0.10. The
stoichiometric starting mixtures were prepared from pure fine grained powders of CaCOs;,
TiO,, ZrO, and GeO; in an open platinum crucible at a maximum temperature of 1323 K.
Approximately 2.5 g starting oxides were ground, pressed into pellets and heated for several
intervals of 5 days with intermittent grindings. The final reactions of the pressed oxide pellet
at 1588 K were carried out in a welded Pt-tube in order to avoid GeO, loss. Phase purity of
the resulting product has been established by powder diffraction analysis. The impurity
phases ZrO, (baddeleyite, ca. 0.5 wt%) and CaGe,0Os (ca. 0.8 wt%) have been identified in
CTGO10. No secondary phases have been observed for the remaining compositions.

In situ X-ray powder diffraction measurements up to 1073 K have been carried out using an
Anton Paar HTK 1200 furnace mounted on a Philips Xpert diffractometer with
monochromatic CuKa,-radiation. Diffraction patterns were recorded in the range 17-90° 20
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° 20 were obtained of
CTGO10 and CTGO20 on a Philips Xpert diffractometer with CuKa-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 CTGOS50 have been refined using space group A2/a. The A2/a
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setting was chosen as the superstructure reflections with k£ + /= 2n + 1 are weak and mostly

overlapping with the fundamental reflections (Malcherek, 2001). For compositions CTGO20

and CTGO10 the A1 space group setting was chosen. Rietveld refinements were carried out
using the room temperature data only. For the Rietveld refinement the P2,/a setting was

applied for the compositions CTGO95, CTGO90 and the A2/a setting for CTGO80 and

CTGOS50. Triclinic compounds were refined using space group Al with the starting
parameters of CaZrOGeO4 (Malcherek and Ellemann-Olesen, 2004). The isotropic thermal
parameters of the oxygen atoms had to be constrained to the same value in order to obtain
positive definite thermal parameters for all atoms. Starting coordinates for monoclinic
compounds were taken from the known structure of CaTiOGeOs.

The variation of the shape and size of the unit cell as a result of the phase transition is
expressed in terms of the spontaneous strain. The components of the strain tensor have been
calculated according to the equations given by Carpenter et al., 1998. In the following we will
distinguish symmetry breaking (sb) strain components, i.e. e;; and e3, from non-symmetry

breaking (nsb) components. The scalar spontaneous strain is defined as

€s = (Eefj)l/z
In the case of a zone centre transition, the sb-strain, which usually contributes most to the
scalar strain defined above, should be proportional to the driving order parameter of the
transition. If the critical point is located at the zone boundary of the first Brillouin zone of the
high symmetry phase, the scalar strain should be proportional to the square of the order
parameter, Qz, instead, as it is the case for the P2i/a — A2/a transition in titanite. Details
regarding the coupling of order parameter and spontaneous strain can be found in Carpenter et

al., 1998 and Salje, 1990.
3. Results

The compounds CaZrOGeO4 and CaTiOGeO, form a solid solution for all investigated
compositions under the conditions of synthesis applied here. Rietveld refinements have been
carried out for all room temperature data. The resulting ambient temperature lattice constants
are given in Table 1. The refinements reveal a high sensitivity of the crystal symmetry on the
amount of Zr present. Across the solid solution the replacement of Ti by the larger Zr leads to
a gradual increase in cell volume by 9%. A decrease in the monoclinic angle 3 is observed as
the Ti-content decreases. The a-, b- and c-lattice parameters increase across the solid solution

towards the CaZrOGeO4 endmember. The compositional variation of the a- and b-lattice
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parameters is linear irrespective of the crystal symmetry at room temperature while the c-
lattice parameter shows a minor change in slope depending on the actual structure. The
deviation of the a- and y-angles from 90° indicates the compositionally induced phase
transition (Fig. 1). Lattice constants as a function of temperature for all intermediate
compounds are listed in Table 2. By extrapolation of the lattice parameters measured for 7' >
538 K towards lower temperatures, linear reference functions of thermal expansion are
obtained for all lattice parameters. These thermal expansion data are used to calculate the
strain components.

The refined structural parameters at room temperature are given in Table 3. The variation of
the mean bond lengths is displayed in Table 4. As expected the bond lengths of the octahedral
cation to the surrounding oxygen atoms increase linearly with increasing Zr content. The
mean Ge-O bond distance is constant within the limits of the measurement accuracy. The
mean bond length of Ca to the surrounding oxygen atoms is constant but with a marked step
between the monoclinic and triclinic compounds caused by the change in Ca-coordination.
The mean *)Ca-O bond length amounts to 2.55 A in the triclinic phases, whereas the [/Ca-O
bond length is 2.47 A in the Ti endmember (Fig. 2). Bond valence sums are given in Table 5.

The P2,/a — A2/a transition

The endmember composition CaTiOGeOy is 1sostructural to titanite and the displacive A2/a -
P2,/a phase transition occurs at 7, = 588 = 4 K (Ellemann-Olesen and Malcherek, 2004).
Judging by the strain analysis the P2,/a — A2/a phase transition is also observable in the
compounds CTGO95 and CTGO90. The evolution of the lattice parameters is in agreement
with CaTi0OGeO4 (Ellemann-Olesen and Malcherek, 2004). However deviation from the linear
thermal expansion data is less significant for the a-lattice constant and the 3-angle compared
to titanite and CaTiOGeO,. Figure 3 displays the a-lattice parameter for CTGO80, CTGO90,
CTGO95 and the endmember composition CTGO.

The X-ray diffraction data indicate the aristotype structure (A2/a) in the measured temperature
range of CTGOS50 and CTGO80. There is no discernable deviation from linear thermal
expansion for all lattice constants. From this standpoint the compounds do not show evidence
of a structural phase transition above ambient temperature. No measurements were carried out
below room temperature.

In agreement with previous investigations of CaTiOGeO4 (Ellemann-Olesen and Malcherek,

2004) and titanite (Malcherek, 2001), the spontaneous strain due to the P2,/a - A2/a phase
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transition in CTGO95 is relatively small and dominated by the components e;; and e;3. The

square of the scalar strain e’ extrapolates linearly to zero at T, = 480 + 5 K. In analogy with
the endmember composition CaTiOGeQy the linear temperature dependence of e’ below the

phase transition indicates close to tricritical character of the transition (Q* T —T,).

The Ai - A2/q transition

In analogy to CaZrOGeO, the samples CTGO10 and CTGO20 exhibit the triclinic Al
structure at low temperatures. The evolution of the lattice parameters agrees with that of the
endmember composition CaZrOGeO4 (Malcherek and Ellemann-Olesen, 2004) (Fig. 4). The
triclinic distortion observed at room temperature, as indicated by the deviation of o and y

from 90° decreases with increasing Ti-content.
By linear extrapolation of e’ to zero the transition temperature is estimated to T, = 429 + 5 K

and 7. =371 + 5 K for CTGO10 and CTGO20, respectively.

The spontaneous strain associated with the triclinic to monoclinic phase transition in the
titanite structure is relatively large and dominated by the symmetry breaking components e,
and ey (Fig. 5). For CTGO20 (T = 298 K) the e,3 and e, components are -0.009 and 0.0045,
respectively corresponding to a decrease of 33% and 45% from CaZrOGeOs. Therefore the
triclinic distortion is lowered by the presence of Ti.

Figure 6 shows the evolution of the non-symmetry breaking strain as a function of reduced
temperature. The components e;3 and e3; dominate with symmetrical evolution about the
temperature axis. The non-symmetry breaking strain components e;3 and es3 describe a linear
contraction of the unit cell approximately parallel to the c*-direction and simultaneous
shearing within the triclinic stability field. As a consequence the volume strain is negative and
amounts to —0.19% and —0.27% in CTGO10 and CTGO20, comparable to —0.28% in
CaZrOGeOy. The room temperature value of the e33 component falls to -0.001 for CTGO20, a
decrease of nearly 62% from CaZrOGeQOy. As the superposition of the nsb-strain components
against reduced temperature demonstrates, the evolution of the nsb-strain is hardly affected by
changes in the Ti content, which mainly alters 7 instead (Fig. 6).

A linear dependence is evident between temperature and the square of the scalar strain, e,
(Fig. 7). As the triclinic to monoclinic change in symmetry implies the transition is of the
zone centre type, it can be concluded that Q? oc T-T and the transition is continuous second-

order in analogy to CaZrOGeO4 (Malcherek and Ellemann-Olesen, 2004).
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Figure 8 displays the evolution of the critical temperatures as observed by strain analysis

across the solid solution.
4. Discussion

The temperature evolution of the Ca(TixZr;.x)OGeQy4 solid solution shows a more complicated
behaviour than previously studied compositions in the titanite structure field (e.g. Kunz ef al.,
1997; Angel et al., 1999; Ellemann-Olesen and Malcherek, 2004). Whereas at high Ti-
contents the commonly observed A2/a — P2,/a transition is found, a monoclinic to triclinic
transition can be observed at high Zr-concentrations. The X-ray diffraction data indicate the
aristotype structure (A2/a) in the measured temperature range for CTGOS50 and CTGOS80. The
compositional range of the triclinic structure is broader than that of the P2,/a structure. The
triclinic — monoclinic compositional phase transition is expected at Ca(Ti3,Zre3)OGeOs, while
the transition P2,/a — A2/a occurs at Ca(Tis,Zr13)OGeQq4. These phase boundaries have been
estimated from linear extrapolation of the known critical temperatures towards room
temperature (Fig. 8).

As a result of the triclinic — monoclinic phase transition, the position of the Ca atom shifts
away from the diad axis of the monoclinic phase. The direction of the displacement is
approximately parallel to the a-axis. Figure 9 shows that the Ca displacement at room
temperature is a linear function of the symmetry breaking strain components.

In agreement with CaZrOGeOj the triclinic compounds CTGO10 and CTGO20 show a 8-fold
coordinated Ca atom when considering the bond distances to all nearest O atoms. The bond
valence sums for Ca are 1.849 and 1.894, respectively. This change in coordination is also
found in the high-pressure phase transition of malayaite (Rath et al., 2003), in which the

observed Ca displacement almost parallel to [100] causes a change in coordination from the
originally linear [CaO-] chains to sheets of [CaOg] parallel to (111). This indicates that the

chemically imposed structural strain across Ca(TixZr;.x)OGeO4 has a similar effect on the

structure as pressure induced strain in malayaite.

In the triclinic phase the Zr atom occupies two distinct sites. In the monoclinic A2/a
symmetry the [ZrOg] octahedra form linear chains parallel to [100] analogous to the high

temperature phase of CaTiOGeO,4 and titanite. In the triclinic form the distance between

adjacent ZrOg chains is compressed more strongly parallel to [011] than parallel to [Olf ],

violating both the twofold screw axis and the glide plane in the A2/a symmetry. As a
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consequence, the Zr occupies symmetrically distinct positions along the octahedral chains.
This asymmetric relative shift of the ZrOg chains is reflected directly by the distances between
two ZrOg chains. In the monoclinic structure the distance is the same for all Zr-atoms while in

the triclinic structure two distinct distances are observed.

Strain variations as a function of composition across the solid solution are expected to
indicate in what way the substitution of the larger Zr atom influences the structure. Any
structural or compositional change that changes the shape or volume of the octahedra must
have a significant influence on any possible phase transition. The evolution of the non-
symmetry breaking strain in CTGO10 and CTGO20 is, as in CaZrOGeQOy, in close agreement
with the compound CaTaOAlO; studied by Malcherek er al., 2004. The structure of
CaTaOAlO;4 is topologically identical with the titanite structure and it displays several
displacive phase transitions. The general contraction of the titanite-framework perpendicular
to the octahedral chain direction is a common feature of the transitions in CZGO and CTAO.
In CZGO this contraction is accompanied by additional triclinic distortion and ensuing
alteration of the other nsb-strain components e;; and e;. Furthermore the temperature
evolution of the b-lattice parameter in CaTaOAlO4 only reflects thermal expansion contrary to
CTGO10 and CTGO20, which show a minor deviation in the b-lattice parameter and as a
result an additional strain expressed by the e;; component contributes to the scalar stain. This
is probably due to the additional triclinic distortion.

The temperature evolution of the symmetry breaking strain components can be modelled
using a second-order Landau type free energy expansion. Malcherek and Bosenick, 2004
described the strain evolution of CaGe,Os using such a model. In analogy to CaGe,Os we
therefore presume that the symmetry breaking strain components e;; and ej, behave in the
same manner as the order parameter for the transition, giving e,; o ej; © Q as the expected
strain/order parameter relationship. The symmetry breaking strain e4 = 2e,3 is taken to be the
driving order parameter of the transition, with ez = 2e; being linearly coupled to it (Carpenter

and Salje, 1998; Malcherek and Bosenick, 2004). The solid curves in Figure 5 indicate the

T
resulting temperature behaviour e; =(e))’ (1 7 j

Just as the temperature evolution of the symmetry breaking strain indicates a linear coupling
to the order parameter of the phase transition (or its identity with the order parameter) the
linear correlation between nsb-strain components and temperature indicates their coupling to

the square of the order parameter (Carpenter ef al., 1998).
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Across the measured temperature range Rietveld refinements reveal the disordered
monoclinic structure (A2/a) for the intermediate compounds CTGO90, CTGOS80 and
CTGOS50. Thus the transition P2,/a — A2/a typical for titanite and CaTiOGeOs is not
observable above ambient temperature for Zr concentrations in excess of 10% in our
experiments. However, from linear extrapolation of the obtained critical temperatures the
phase boundary is expected at 81% Ti. The addition of Zr apparently destabilizes the ordered
P2,/a phase. In the ordered P2,/a phase of titanite and its analogue CaTiOGeOQs, the off-centre
vectors are oriented parallel to each other within individual octahedral chains, but antiparallel
with respect to neighbouring chains. In the A2/a setting Ti is nominally found at the centre of
the [TiOg] octahedra (Speer and Gibbs, 1976). The presented series of experiments reveals
that replacing 10% of the octahedral Ti by Zr leads to a complete loss of the Ti out-off-centre
coherence. This observation is in accordance with previous findings on natural titanites,
where the presence of impurities on the octahedral site leads to a similar symmetry change.
Oberti et al., 1991 studied natural high-aluminium-titanites with X, = Al/(Ti + Al + Fe) >
0.25, using X-ray diffraction and electron microprobe analysis, and concluded that
substitution of Al (Xa1) above 0.25 results in space group A2/a. Our observations are also in
accordance with the behaviour of the solid solution titanite — malayaite studied by Kunz et al.,
1997. A series of experiments revealed that already at a Sn concentration of 10% no k + 1 =
odd reflections could be observed anymore, thus the addition of 10% Sn destabilizes the
ordered P2;/a phase and the disordered A2/a structure dominates. CTGO95 exhibits the
displacive phase transition P2,/a — A2/a in analogy with titanite and CaTiOGeO4. However,
even a small Zr concentration of 5% causes lowering of the critical temperature by nearly 100
K (Fig. 8).

Despite the similar electronic properties of Zr and Ti the P2,/a phase is suppressed in
CaZrOGeOy, in analogy with the substitution of Ti by Sn across the titanite — malayaite join
(Kunz et al., 1997).

Given the dy-character of the Zr-cation a structural distortion similar to the Ti off centering in
titanite might be expected in CZGO. The apparent absence of such an off centering, indicated
by the suppression of the P2;/a-ordered phase may be caused by the larger size of the Zr
cation. The common absence of such structural distortions in Zr- and Sc-oxide compounds
has been discussed by Kunz and Brown, 1995.

In the solid solution (CaySri)TiOGeO4 substitution of the large Sr atom for Ca is not

influencing the transition temperature (Ellemann-Olesen and Malcherek 2004, in preparation).
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However, substitution of Ge for Si on the tetrahedral site has a marked influence on 7. The
evolution of 7, with composition is nearly linear and is marked by a gradual increase of nearly
100 K from the titanite endmember towards CaTiOGeQy4. Therefore the substitution of Ge for
Si stabilizes the ordered P2,/a phase (Ellemann-Olesen and Malcherek 2004, submitted).
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Table 1. Lattice parameters for Ca(TixZr;x)OGeQO4 at room temperature.

Mol% Ti  a(d) b)) ¢l  «@  BO v VA

100 7.16144(6) 8.89229(2) 6.65311(4) 90  113.833(1) 90  387.552(5)
95 7.15000(6) 8.89941(1) 6.65482(4) 90  113.730(1) 90  387.649(6)
90 7.15461(8) 8.90612(7) 6.65901(5) 90  113.701(1) 90  388.523(7)
80 7.17490(1) 8.93321(4) 6.67312(1) 90  113.600(1) 90  391.940(7)
50 7.25821(3) 9.01791(2) 6.72200(1) 90  113.351(1) 90  403.944(6)
20 7.35292(2) 9.10000(7) 6.75633(7) 89.085(1) 113.024(1) 91.001(1) 415.981(6)
10 7.38422(2) 9.12413(7) 6.76031(1) 88.765(1) 112.877(1) 91.297(1) 419.499(6)
0 7.4226(1) 9.1508(1) 6.7657(1) 88.482(1) 112.719(1) 91.502(1) 423.68(1)

Notes: Data for CaTiOGeO4 and CaZrOGeO, are taken from Ellemann-Olesen and Malcherek,
2004a and Malcherek and Ellemann-Olesen, 2004, respectively.

Table 2. Ca(TixZr;x)OGeOs. Lattice constants and volume for all intermediate samples as a
function of temperature.

Mol% Ti
95 T(K) a(A) b (A) c(A) B() V(&%)
298 7.15000(6) 8.89941(8) 6.65482(4) 113.730(1) 387.649(6)
348 7.15000(6) 8.90215(9) 6.65564(3) 113.723(2) 387.859(8)
373 7.15099(5) 8.90306(2) 6.65651(4) 113.707(2) 388.098(7)
398 7.15147(5) 8.90598(2) 6.65732(2) 113.698(1) 388.340(4)
423 7.15173(3) 8.90846(4) 6.65867(5) 113.688(1) 388.526(5)
448 7.15202(5) 8.91033(9) 6.66001(8) 113.686(1) 388.669(7)
473 7.15239(8) 8.91111(5) 6.66036(7) 113.680(1) 388.761(7)
498 7.15261(9) 8.91365(5) 6.66124(4) 113.670(1) 388.965(7)
523 7.15315(3) 8.91536(5) 6.66175(3) 113.659(1) 389.131(4)
538 7.15353(6) 8.91659(2) 6.66263(7) 113.654(2) 389.272(8)
553 7.15372(8) 8.91742(4) 6.66265(2) 113.655(1) 389.317(6)
573 7.15424(4) 8.91947(6) 6.66449(7) 113.652(1) 389.551(6)
598 7.15449(2) 8.92113(9) 6.66527(8) 113.647(1) 389.698(7)
023 7.15546(4) 8.92320(8) 6.66648(7) 113.643(1) 389.924(7)
648 7.15586(5) 8.92469(6) 6.66713(8) 113.637(1) 390.067(7)
073 7.15651(7) 8.92677(7) 6.66864(5) 113.631(1) 390.299(6)
723 7.15748(9) 8.92956(4) 6.66950(2) 113.616(1) 390.569(6)
748 7.15796(9) 8.93160(8) 6.67063(5) 113.611(1) 390.766(7)
773 7.15860(3) 8.93359(3) 6.67260(9) 113.618(1) 390.982(6)
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90 T (K) a(A) b(A) c(A) B () V(&)
298 7.15461(8) 8.90612(7) 6.65901(5) 113.701(1) 388.523(7)
348 7.15468(4) 8.90859(2) 6.65980(8) 113.687(1) 388.721(6)
373 7.15497(8) 8.91073(3) 6.66000(9) 113.674(2) 388.880(8)
398 7.15517(3) 8.91222(8) 6.66131(6) 113.665(2) 389.061(8)
423 7.15569(2) 8.91458(8) 6.66279(3) 113.659(1) 389.296(7)
448 7.15596(6) 8.91580(7) 6.66349(3) 113.655(1) 389.416(6)
473 7.15639(5) 8.91762(3) 6.66375(4) 113.643(1) 389.569(5)
498 7.15696(3) 8.92025(3) 6.66545(7) 113.638(1) 389.831(5)
523 7.15754(2) 8.92136(7) 6.66590(3) 113.632(1) 389.955(6)
538 7.15754(8) 8.92295(3) 6.66653(2) 113.632(2) 390.061(7)
553 7.15784(5) 8.92414(4) 6.66793(2) 113.630(1) 390.217(6)
573 7.15819(5) 8.92632(6) 6.66916(7) 113.622(1) 390.428(4)
598 7.15826(2) 8.92795(5) 6.66880(2) 113.614(1) 390.505(5)
623 7.15900(4) 8.92854(8) 6.66942(3) 113.611(1) 390.616(5)
648 7.15936(2) 8.93094(5) 6.67102(4) 113.611(1) 390.835(6)
673 7.16001(9) 8.93234(5) 6.67137(2) 113.603(1) 390.977(6)
723 7.16057(2) 8.93457(2) 6.67244(3) 113.589(2) 391.209(6)
748 7.16150(7) 8.93704(8) 6.67424(8) 113.588(1) 391.477(8)
773 7.16176(2) 8.93881(2) 6.67512(4) 113.577(1) 391.653(4)

80 T(K) a(A) b (A) c(A) B () V(A
298 7.17490(8) 8.93321(4) 6.67312(8) 113.600(1) 391.940(7)
348 7.17427(6) 8.93700(8) 6.67498(5) 113.593(1) 392.202(6)
373 7.17484(8) 8.93850(3) 6.67604(6) 113.590(2) 392.370(8)
398 7.17592(3) 8.94170(5) 6.67675(2) 113.584(1) 392.630(4)
423 7.17641(2) 8.94297(2) 6.67731(4) 113.567(1) 392.796(4)
448 7.17686(5) 8.94496(3) 6.67833(9) 113.569(1) 392.962(7)
473 7.17828(8) 8.94717(7) 6.68026(7) 113.563(2) 393.267(9)
498 7.17918(2) 8.94796(8) 6.68084(4) 113.562(2) 393.389(7)
523 7.17967(4) 8.95101(2) 6.68256(5) 113.549(1) 393.690(5)
538 7.17942(8) 8.95152(8) 6.68232(6) 113.553(1) 393.673(7)
553 7.18041(7) 8.95304(7) 6.68356(6) 113.556(1) 393.858(7)
573 7.18086(5) 8.95419(3) 6.68400(2) 113.552(1) 393.971(4)
598 7.18197(5) 8.95543(3) 6.68574(6) 113.546(1) 394.207(6)
623 7.18290(4) 8.95786(6) 6.68670(2) 113.538(1) 394.446(5)
648 7.18384(2) 8.96060(5) 6.68769(5) 113.530(1) 394.700(5)
673 7.18347(4) 8.96246(3) 6.68927(3) 113.531(1) 394.852(4)
723 7.18547(5) 8.96486(8) 6.69046(4) 113.528(1) 395.147(6)
748 7.18564(7) 8.96677(3) 6.69148(3) 113.526(1) 395.308(5)
773 7.18647(6) 8.96934(2) 6.69307(8) 113.523(1) 395.570(7)
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50 T (K)

a(A)

b(A)

c(d)

B

Vv (A%)

298
348
373
398
423
448
473
498
523
548
573
598
623
648
673
723
748
773

7.25821(3)
7.25921(3)
7.26006(6)
7.26081(8)
7.26162(6)
7.26257(3)
7.26336(2)
7.26426(8)
7.26530(2)
7.26611(2)
7.26664(7)
7.26775(4)
7.26839(8)
7.26965(5)
7.27044(7)
7.27210(5)
7.27322(6)
7.27318(6)

9.01791(2)
9.02172(3)
9.02397(7)
9.02528(6)
9.02738(9)
9.02909(6)
9.03144(6)
9.03246(7)
9.03502(5)
9.03649(3)
9.03860(2)
9.04009(2)
9.04191(3)
9.04367(6)
9.04572(3)
9.04928(5)
9.05101(2)
9.05177(5)

6.72200(9)
6.72416(7)
6.72523(8)
6.72651(4)
6.72758(5)
6.72914(5)
6.72984(8)
6.73120(2)
6.73269(3)
6.73390(6)
6.73485(9)
6.73602(7)
6.73718(6)
6.73868(9)
6.73987(5)
6.74224(8)
6.74384(5)
6.74447(8)

113.351(1)
113.338(1)
113.338(1)
113.335(1)
113.334(1)
113.332(1)
113.329(1)
113.324(1)
113.321(1)
113.321(1)
113.314(1)
113.314(1)
113.308(1)
113.308(1)
113.304(1)
113.300(1)
113.301(1)
113.297(1)

403.944(6)
404.340(6)
404.552(7)
404.739(6)
404.946(7)
405.175(5)
405.376(6)
405.570(6)
405.842(4)
406.026(5)
406.229(7)
406.429(6)
406.635(7)
406.875(7)
407.095(6)
407.504(7)
407.738(6)
407.821(7)

20 T(K)

a(A)

b(A)

c(A)

o (°)

P

Y (°)

V (A%

298
348
373
398
423
448
473
498
523
548
573
598
623
648
673
723
748
773

7.35292(2)
7.35513(5)
7.35499(6)
7.35792(2)
7.35814(3)
7.35896(3)
7.35960(6)
7.36089(8)
7.36146(6)
7.36266(9)
7.36371(4)
7.36381(8)
7.36537(7)
7.36578(5)
7.36700(5)
7.36833(2)
7.36904(3)
7.37016(5)

9.10000(7)
9.10561(6)
9.10184(6)
9.10477(4)
9.10576(8)
9.10781(8)
9.10947(2)
9.11109(3)
9.11231(3)
9.11502(3)
9.11662(6)
9.11850(2)
9.11952(5)
9.12148(8)
9.12322(3)
9.12593(8)
9.12776(8)
9.12940(6)

6.75633(7)
6.75543(8)
6.76906(5)
6.77186(3)
6.77342(4)
6.77459(2)
6.77616(8)
6.77763(7)
6.77875(3)
6.78092(7)
6.78218(8)
6.78375(2)
6.78468(6)
6.78634(6)
6.78777(7)
6.79074(8)
6.79188(7)
6.79355(8)
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89.085(1)
89.570(1)
89.869(1)

90

90

90

90

90

90

90

90

90

90

90

90

90

90

90

113.024(1) 91.001(1) 415.981(6)
113.069(1) 90.490(1) 416.848(7)
113.063(1) 90.136(1) 416.928(6)

113.082(1)
113.080(1)
113.079(1)
113.085(1)
113.084(1)
113.083(1)
113.078(1)
113.083(1)
113.078(1)
113.078(1)
113.075(1)
113.075(1)
113.074(1)
113.072(1)
113.073(1)

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

417.344(4)
417.504(6)
417.720(5)
417.910(7)
418.152(7)
418.312(6)
418.654(8)
418.850(7)
419.054(6)
419.248(7)
419.473(7)
419.711(6)
420.098(7)
420.300(7)
420.539(7)



10 TK) a(d) b (A) c(A) a(®) B () v () V(&%)
298 7.38422(2) 9.12413(7) 6.76031(1) 88.765(1) 112.877(1) 91.297(1) 419.499(6)
348 738722(9) 9.12970(9) 6.77012(6) 89.009(1) 112.934(1) 91.070(1) 420.408(8)
373 7.38826(2) 9.12980(9) 6.77625(9) 89.154(1) 112.952(1) 90.902(1) 420.824(8)
398 7.38970(6) 9.13119(8) 6.78187(4) 89.407(1) 112.967(1) 90.637(1) 421.308(6)
423 7.39068(8) 9.13331(4) 6.78783(6) 89.785(1) 113.005(1) 90.235(1) 421.744(7)
448 7.39185(6) 9.13077(9) 6.78910(8) 90 112.993(1) 90 421.814(8)
473 7.39254(3) 9.13241(5) 6.79062(8) 90 112.991(1) 90 422.030(7)
498 7.39427(4) 9.13471(2) 6.79201(6) 90 112.996(1) 90 422.306(5)
523 7.39379(3) 9.13582(7) 6.79356(2) 90 112.994(1) 90 422.433(5)
548 7.39550(1) 9.13766(5) 6.79524(5) 90 112.995(1) 90 422.717(5)
573 7.39596(9) 9.13953(2) 6.79671(1) 90 112.995(1) 90 422.921(6)
598 7.39653(4) 9.14096(1) 6.79794(9) 90 112.988(1) 90 423.118(7)
623 7.39771(9) 9.14270(9) 6.79952(1) 90 112.992(1) 90 423.352(7)
048  7.39869(4) 9.14442(1) 6.80099(9) 90 112.992(1) 90 423.580(7)
673 7.39896(8) 9.14604(1) 6.80220(7) 90 112.985(1) 90 423.767(7)
723 7.40066(5) 9.14935(2) 6.80521(1) 90 112.990(1) 90 424.190(5)
748 7.40174(1) 9.15031(1) 6.80653(3) 90 112.988(1) 90 424.385(5)
773 7.40215(8) 9.15223(6) 6.80798(6) 90 112.987(1) 90 424.591(7)
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Table 3. Atomic positional parameters and isotropic thermal vibration parameters (A?) at

room temperature across Ca(Ti,Zr;)0GeOs,.

Mol% Ti

95 (P2i/a) X y z Uiso occ

Ca 0.2413(4) 0.4219(4) 0.2503(2) 0.015(2) 1.000
Ti 0.5027(1) 0.2394(8) 0.7477(2) 0.012(3) 0.954(9)
Zr 0.5027(1) 0.2394(8) 0.7477(2) 0.012(3) 0.046(1)
Ge 0.7488(3) 0.4331(1) 0.2525(4) 0.021(1) 1.000
01 0.7394(5) 0.3147(3) 0.7684(2) 0.009(4) 1.000
O2A 0.9225(3) 0.3123(8) 0.4287(5) 0.009(4) 1.000
02B 0.0813(6) 0.1956(7) 0.0457(1) 0.009(4) 1.000
O3A 0.4005(1) 0.4694(3) 0.6430(5) 0.009(4) 1.000
O3B 0.6057(2) 0.0619(4) 0.8656(3) 0.009(4) 1.000
Rp 0215

R(F?) 0.175

90 (P2,/a) X y z Uiso occ

Ca 0.2502(7) 0.4223(5) 0.2530(1) 0.013(5) 1.000

Ti 0.5048(8) 0.2422(6) 0.7517(8) 0.019(7) 0.908(6)
Zr 0.5048(8) 0.2422(6) 0.7517(8) 0.019(7) 0.091(4)
Ge 0.7459(7) 0.4332(1) 0.2516(4) 0.025(1) 1.000

01 0.7400(9) 0.3157(5) 0.7569(1) 0.003(5) 1.000
O2A 0.9261(1) 0.3248(3) 0.4445(1) 0.003(5) 1.000
02B 0.0996(2) 0.2053(8) 0.0659(9) 0.003(5) 1.000
O3A 0.4146(5) 0.4605(3) 0.6749(9) 0.003(5) 1.000
O3B 0.6154(6) 0.0559(4) 0.8767(3) 0.003(5) 1.000

Rp 0216

R(F?) 0.183

80 (A2/a) X y z Uiso occ

Ca 0.2500 0.6716(6) 0.5000 0.018(2) 1.000
Ti 0.5000 0.5000 0.0000 0.015(2) 0.807(1)
Zr 0.5000 0.5000 0.0000 0.015(2) 0.192(9)
Ge 0.7500 0.6820(4) 0.5000 0.014(2) 1.000
01 0.7500 0.5653(9) 0.0000 0.005(3) 1.000
O2A 0.9162(9) 0.5559(6) 0.6887(7) 0.005(3) 1.000
O3A 0.3977(3) 0.7105(9) 0.8934(7) 0.005(3) 1.000
Rp 0.172

R(F?) 0.112
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50 (A2/a) X y z Uiso occ

Ca 0.2500 0.6712(4) 0.5000 0.014(3) 1.000
Ti 0.5000 0.5000 0.0000 0.010(1) 0.507(7)
Zr 0.5000 0.5000 0.0000 0.010(1) 0.492(3)
Ge 0.7500 0.6816(2) 0.5000 0.013(2) 1.000
Ol 0.7500 0.5695(6) 0.0000 0.009(5) 1.000
02A 0.9194(8) 0.5539(1) 0.6795(1) 0.009(5) 1.000
03A 0.3992(4) 0.7204(1) 0.8966(1) 0.009(5) 1.000
Rp  0.135

R(F?) 0.0883

20 (Ai) X y V4 Uiso ocC

Ca 0.2329(8) 0.6674(2) 0.5044(8) 0.020(4) 1.000
Ge 0.7495(4) 0.6810(8) 0.4972(1) 0.018(1) 1.000
Ti(1) 0.5 0.5 0.0 0.009(8) 0.222(1)
Ti(2) 0.0 0.5 0.0 0.011(4) 0.222(1)
7r(1) 0.5 0.5 0.0 0.009(8) 0.778(7)
7r(2) 0.0 0.5 0.0 0.011(4) 0.778(7)
01 0.7452(4) 0.5822(1) 0.9973(4) 0.008(2) 1.000
O2A 0.9216(2) 0.5617(8) 0.6757(7) 0.008(2) 1.000
02B 0.5958(1) 0.5554(3) 0.3329(2) 0.008(2) 1.000
O3A 0.3879(5) 0.7142(7) 0.8923(3) 0.008(2) 1.000
03B 0.1232(6) 0.7040(5) 0.1283(6) 0.008(2) 1.000
Rp  0.086

R(F?) 0.050

10 (A1) X y z Usso occ

Ca 0.2289(4) 0.6666(5) 0.5071(6) 0.025(4) 1.000
Ge 0.7481(3) 0.6811(6) 0.4959(6) 0.016(1) 1.000
Ti(1) 0.5 0.5 0.0 0.012(4) 0.114(3)
Ti(2) 0.0 0.5 0.0 0.013(5) 0.114(3)
7r(1) 0.5 0.5 0.0 0.012(4) 0.885(7)
7r(2) 0.0 0.5 0.0 0.013(5) 0.885(7)
01 0.7492(7) 0.5831(7) 0.9941(3) 0.008(2) 1.000
O2A 0.9176(3) 0.5667(2) 0.6739(6) 0.008(2) 1.000
02B 0.6083(5) 0.5515(3) 0.3273(2) 0.008(2) 1.000
O3A 0.3824(2) 0.7061(6) 0.8947(4) 0.008(2) 1.000
03B 0.1111(7) 0.6982(5) 0.1128(4) 0.008(2) 1.000
Rp  0.094

R(F?) 0.061

Notes: Data for the endmember compositions CaTiOGeO, and CaZrOGeOs see Ellemann-
Olesen and Malcherek, 2004 and Malcherek and Ellemann-Olesen, 2004.
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Table 4. Mean bond lengths (A) at room temperature.

Mol % Ti Ge-O Ti-O Ca-O

CTGO 1.752 1.964 2.468!"

95 1.735 1.948 2.460"

90 1.767 1.944 2473

80 1.765 1.969 24597

50 1.754 2.037 2.469!"

20 1.750 2.074/2.075 2.496!" 25688
10 1.753 2.057/2.045 2.516!" 2.58218
CZGO 1.75 2.11/2.12 250517 2.55918

Notes: bond lengths for CaTiOGeO4 and CaZrOGeOy4 at room temperature are taken from
Ellemann-Olesen and Malcherek, 2004 and Malcherek and Ellemann-Olesen, 2004,

respectively.

Table 5. Results of bond valence calculations performed with the room temperature data
across the solid solution Ca(TiyZr;x)OGeOs. In the case of Ca values calculated for 7- and 8-
fold coordination are given.

Mol% 95 90 80 50 20 10 CZGO
Ge

Ge 4110  3.878  3.822  3.861 4.007  3.999 4.06
Ti,Zr 4.16 4.15 4.12 4.02 3.92 3.88  3.74/3.85
Cal” 1.877 1.920 1.887 1.841 1.795 1.844 1.865
Ca® 1.924 1.900 1.916 1.872 1.894 1.849 1.91

Notes: bond valence sums have been calculated according to Brese and O’Keefe (1991). Bond
valence sums for mixed site occupancies have been calculated using weighted averages of the
end member values. Data for CaTiOGeO4 and CaZrOGeOy are taken from Ellemann-Olesen

and Malcherek 2004

and Malcherek
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Fig. 1 Ca(TixZr;.x)OGeQy4. Lattice constants as a function of Ti-content at room temperature.
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Fig. 2 The mean bond length Ca-O as a function of Ti-content. The dashed lines are calculated mean
bond lengths for Ca in 7- and 8-fold coordination extended into the triclinic and monoclinic
phases, respectively.
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Fig. 4 Lattice parameters for the compound CTGO10 as a function of temperature. The lines have been
fitted to the data for 7> 429 K.
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6. Concluding remarks

The studied solid solutions reflect the ability of the titanite structural framework to accommodate
and incorporate larger cations on the various crystallographic sites. An effect of the incorporation
of larger cations is reflected in the behaviour of the transition temperature. The influence on the
critical temperature by substitution on different crystallographic sites is significant and depends
very much on the crystallographic site involved in substitution and the degree of substitution. The
structural phase transitions have been identified based on the determination of spontaneous strain
associated with the transitions. However variations in strain across the individual solid solutions

are conspicuously absent. Apart from the Zr-Ti system there are only small strain variations.
The solid solution CaTiO(Ge,Si1x)O4

Transition temperature and strain behaviour

The behaviour of CaTiOGeO, is in perfect analogy to the well known behaviour of titanite
characterized by the P2,/a — A2/a transition. The behaviour of the critical temperature varies
linearly with increasing substitution of Ge for Si on the tetrahedral site. Therefore the substitution
of Ge for Si stabilizes the ordered P2,/a phase. The difference in transition temperature is near
100 K with 7, = 588 K for CaTiOGeO,4 and T, = 487 K for titanite.

The evolution of strain in the solid solution CaTiO(GexSi;x)O4 is analogous to titanite
(Malcherek, 2001) and dominated by the spontaneous strain components e;; and e;s. The scalar
strain is as a result composed of an expansion along the a-axis, i.e. along the octahedral chains
and a shear strain involving the a- and c-axis and their angle, B. In analogy to titanite the
compounds addressed exhibit tricritical phase transitions.

The substitution of Ge causes a drop in shear strain relative to the ordered endmember
compositions CaTiOGeOy4 and titanite. This implies that the shearing of the unit cell is lessened
for intermediate compositions The reduced shearing of the unit cell accompanying the P2,/a —
A2/a transition correlates with a volume increase of the TiOg octahedra for intermediate

compositions.
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In analogy with titanite X-ray diffraction indicates the additional occurrence of an isosymmetric
anomaly at 7; = 800 + 25 K that contrary to 7; stays constant across the solid solution. Zhang et
al., 1995 concludes from observations of impurities of Fe and Al and substituting for Ti that the
high-temperature phase transition in titanite shows a completely different behaviour compared to
the antiferroelectric phase transition at 7, = 487 K. The effect of Fe, Al substitution is to block
the lower temperature transition, 7., while substitution of Ge for Si has rather the opposite effect
on T¢. Therefore T; is neither sensitive to substitution on the octahedral site (Zhang et al., 1997),

nor do our results suggest that it is significantly altered by substitutions on the tetrahedral site.

The solid solution (Ca,Sr;4)TiOGeO4

Transition temperature and strain behaviour

SrTiOGeO4 and CaTiOGeO4 form a complete solid solution and they exhibit nearly identical
properties with regard to the occurring structural phase transitions. Substitution of Ca by Sr leads
to a constant transition temperature across the solid solution (CaxSr;)TiOGeO4 with T, = 590 +
10 K. Variation of the size of the A-cation in titanites therefore does not appear to affect the
critical temperature of the P2,/a - A2/a transition. In the titanite-structure the large A-polyhedron
represents the most compressible structural unit along with the octahedral chain. Thus the
structure can adjust better to substitution on the more flexible polyhedral site despite the larger
size of the Sr-atom and the monoclinic ordered structure is preserved across the solid solution.

Due to the structural changes that arise from substituting Sr for Ca significant differences appear
in the behaviour of scalar strain between the two endmember compositions. Across most of the
solid solution the scalar strain stays almost constant. But CaTiOGeOy differs with an increase of
36% at room temperature. The temperature evolution of scalar strain in CaTiOGeOs is
comparable to titanite (Malcherek, 2001). The smaller absolute strain in STGO can probably be
related to the larger size of Sr and the resulting larger tilting of the octahedra. This will expand
the axis parallel to the chain direction, so that the distortion generated by the shift of the Ti-cation

is smaller.
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Structural parameters

The Ti shift, i.e. the length of the displacement vector between the Ti position in P2,/a and the
special Ti position of the aristotype structure, is very similar in SrTiOGeO4 and CaOTiGeOy4, with
0.129 A and 0.123 A respectively. For titanite the Ti shift amounts to only 0.115 A. The
comparatively large and nearly identical Ti shifts in the two germanate compounds correspond to
their elevated and nearly identical transition temperatures, as obtained from the strain analysis. If
we assume a common critical temperature of 594 K for both germanate compounds and an
average Ti shift of 0.127 A, the quotient of the square of these Ti-shifts in SrTiOGeO,-
CaTiOGeO, and titanite is identical with the ratio of the respective critical temperatures, i.e. 594
K/487 K. This confirms the validity of the Abrahams-Kurtz-Jamieson relation (Abrahams et al.,
1968) for the titanite structure.

The solid solution Ca(TiyZr15)OGeO4

Transition temperature and strain behaviour

Contrary and in contrast to earlier studied solid solutions in the titanite structure field phase
transitions appear to be both temperature and composition dependent across the solid solution

Ca(TixZr;x)OGeO4. The endmember composition CaZrOGeOs and the samples
Ca(Ti10Zre0)OGeO4 and Ca(Tiz0Zrgo)OGeOy4 exhibit the triclinic Al (Pi) structure. A displacive

structural phase transition from triclinic to the monoclinic structure of the titanite aristotype with
space group symmetry A2/a can be observed at high Zr-concentrations. The triclinic —
monoclinic compositional phase transition is expected at Ca(Ti3Zrs3)OGeOs, while the X-ray
diffraction data indicate the aristotype structure (A2/a) in the measured temperature range for
Ca(Tis0Zrs0)OGe04 and Ca(TigpZr20)O0GeOs. The temperature dependent triclinic to monoclinic
phase transition for the endmember composition CaZrOGeO, occurs at 488 = 5 K and at 7, = 429
+ 5 K and 7T, = 371 £ 5 K for Ca(Ti;0Zr99)OGeO4 and Ca(TiyZrsp)OGeOs, respectively. The
compositional range of the triclinic structure is broader than that of the P2,/a structure. The
antiferrodistortive phase transition observed in the titanite endmember composition appears to be

present up to Zr-contents 18%, accompanied by a sharp drop of the critical
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temperature. Already by 5% substitution of Zr for Ti a distinct drop in the critical temperature by

100 K is observed. This substitution therefore destabilizes the ordered P2,/a phase.

The spontaneous strain associated with the triclinic to monoclinic phase transition in the titanite
structure is relatively large and dominated by the symmetry breaking components e, and e»3 in
the low temperature phase. However it has been shown that the triclinic distortion is lowered by
the presence of Ti.

The evolution of the symmetry breaking strains with temperature in the triclinic compounds
allow a modelling using a simple second order Landau type free energy expansion. Therefore the
temperature evolution of the symmetry breaking strain indicates a linear coupling to the order
parameter of the triclinic to monoclinic phase transition.

The non-symmetry breaking (nsb) strain components e;3 and e33 describe a linear contraction of
the unit cell approximately parallel to the c*-direction and simultaneous shearing within the
triclinic stability field. The evolution of the nsb-strain is hardly affected by changes in the Ti
content, which mainly alters 7. Furthermore a linear correlation between the non-symmetry
breaking strain components and temperature exists. This indicates their coupling to the square of

the order parameter.

Structural parameters

The observed change in symmetry with increasing Zr-content implies that the monoclinic unit
cell is only capable of incorporating a limited percentage of Zr into the octahedral site. The
triclinic to monoclinic phase transition occurring as a function of temperature and composition is
driven by a change in Ca-coordination from 7 to 8. The titanite framework contracts
perpendicular to the direction of the octahedral chains bringing them closer together and reducing
the available space for the Ca cations in between them. This behaviour contrasts the structural
behaviour in other compounds of similar structural topology as CaTiOGeO,4 and SrTiOGeOy. In
those compounds the A2/a aristotype symmetry is lowered to P2,/a driven by the off centre
displacement of the octahedral cations. Malcherek and Ellemann-Olesen, 2004 concluded that
generally the triclinic distortion of the titanite type structure is likely to take place if a critical
monoclinic distortion is overstepped. The monoclinic angle by which such a distortion is likely to

set in is in the range 1129 - 113°. However this is only true when the
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cation occupying the large cavity in the titanite framework is Ca. The value of the critical
monoclinic angle probably changes when going to other A-cations, but a triclinic instability
might be nevertheless expected.

Despite the similar electronic properties of Zr and Ti the P2,/a phase is suppressed in
CaZrOGeQOy, in analogy with the substitution of Ti by Sn across the titanite — malayaite join
(Kunz et al., 1997). Given the dy-character of the Zr-cation a structural distortion similar to the Ti
off centring in titanite might be expected in CaZrOGeO,. The apparent absence of such an off
centring, indicated by the suppression of the P2,/a-ordered phase may be caused by the larger
size of the Zr cation. Kunz and Brown, 1995, have discussed the common absence of such
structural distortions in Zr- and Sc-oxide compounds. Consequently not only the size of the
substituting cation plays an important role in relation to the stability of the structure.

The general contraction of the titanite-framework perpendicular to the octahedral chain direction
is a common feature of the transitions in CaZrOGeQO4 and the compound CaTaOAlO, (Malcherek
et al., 2004). In CaZrOGeOy this contraction is accompanied by additional triclinic distortion and
ensuing alteration of the other nsb-strain components e;; and ey,. Furthermore the temperature
evolution of the b-lattice parameter in CaTaOAlO, only reflects thermal expansion contrary to
Ca(Ti0Zre0)OGeO4 and Ca(TiyZrsg)OGeOs, which show a minor deviation in the b-lattice
parameter and as a result an additional strain expressed by the e;; component contributes to the

scalar stain. This is probably due to the additional triclinic distortion.
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