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INTRODUCTION

The mineral malayaite, CaSnOSiO4, was first described from
an occurrence in Perak, Malay Peninsula (Ingham and Bradford
1961). The structure of the colorless to yellowish mineral was
solved by Higgins and Ribbe (1976) in space group A2/a. They
showed that the structure of malayaite is characterized by SnO6-
octahedra forming chains parallel to [100] through shared trans
corners. These chains are mutually connected via SiO4 tetrahe-
dra. CaO7 polyhedra form chains parallel to [101] within the
SnO6-SiO4 framework (Fig. 1). This structure is equivalent to
the aristotype of titanite CaTiOSiO4. Takenouchi (1971) showed
that malayaite and titanite have a complete solid solution above
888 ! 15K. Kunz et al. (1997) investigated the CaSnOSiO4–
CaTiOSiO4 join in more detail using quenched samples and
found that a small substitution (10 mol%) of Sn changes the
titanite symmetry from P21/a to A2/a. Investigations of
malayaite at high temperature using synchrotron radiation, high-
resolution transmission electronic microscopy, X-ray powder
diffraction, and Raman spectroscopy by Groat et al. (1996) re-
vealed a structural anomaly around 500 K. The authors corre-
lated this anomaly with the thermal parameter of the Ca position
indicating a maximum elongation along the a axis. Neverthe-
less, they did not find any deviations from A2/a symmetry, nor
any structural domains or antiphase boundaries with a reduced
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ABSTRACT

A single crystal high-pressure diffraction study in a diamond-anvil cell shows that monoclinic
malayaite (CaSnOSiO4) transforms into a triclinic high-pressure polymorph at Pc = 4.95(1) GPa. No
discontinuity was observed for the individual crystallographic axes or the volume compressibility.
Instead, the A2/a – A1– phase transition reveals itself by significant deviations of the " and # angles
from 90 . The bulk elastic properties of the triclinic phase cannot be distinguished from those of the
monoclinic structure within experimental uncertainty (A2/a: V0 = 389.68(3) Å3, K0 = 121(1) GPa,
and K'  = 4.2(5); A1–: V0 = 390.3(1) Å3, K0 = 118.3(7) GPa, K' = 4). Fitting the compressibility to all
data gives values of V0 = 389.64(3) Å3, K0 = 121.6(7) GPa and K' = 4.6(2). Structure refinements at
four different pressures reveal the structural details of the monoclinic A2/a and triclinic A1– phases.
Below the transition temperature the SiO4 polyhedra show some non-rigid distortion, whereas the
SnO6 polyhedra remain almost unchanged. At the phase transition, the SiO4 tetrahedra show further
angular twisting while the SnO6 chains shift parallel to [1–01], inducing a reduction in symmetry.
Furthermore, at pressures above 5 GPa the Ca atoms are displaced almost parallel to [100], causing
a change in coordination from CaO7 polyhedra to sheets of CaO8 parallel to (1–11).

At 7.394(4) GPa the cell parameters of the triclinic structure are a = 6.9958(4) Å, b = 8.8080(9) Å, c =
6.4968(4) Å, " = 89.078(7) , $ = 112.745(5) , # = 91.230(7) , V = 369.10(5) Å3; space-group A1–.

symmetry. Meyer et al. (1998) reinvestigated the 500 K anomaly
using single crystal X-ray diffraction and powder IR spectros-
copy at different temperatures. They confirmed the strong in-
crease of the anisotropic thermal parameter U11 for Ca as a
function of temperature and concluded a partial collapse of the
CaO7 polyhedra around 500 K. Both Bismayer et al. (1999)
and Zhang et al. (1999) described another important behavior
with respect to the 500 K anomaly: single crystal X-ray dif-
fraction and powder hard-mode IR studies showed a weak tilt-
ing of the SnO6 octahedra. These displacements changed the
environment around the Ca atoms in that one O atom moved
closer to the calcium atom. Zhang et al. (1999) also reported a
change in the coordination of the Ca atom and described the
structural anomaly at 500 K as an isosymmetric second-order
phase transition.

As mentioned above, titanite CaTiOSiO4 is isostructural to
malayaite and has been an object of several investigations. At
ambient conditions the Ti atoms exhibit out-of-center distor-
tions with parallel displacement vectors within a single TiO6

chain and antiparallel orientation between neighboring chains.
High-temperature studies of titanite showed a phase transition
from P21/a to A2/a symmetry ("-$ transition) at 496 K (Taylor
and Brown 1976; Kek et al. 1997; Salje et al. 1993). The tran-
sition at 496 K is driven by the loss of long-range coherence
between the out-of-center dipoles due to a dynamic disorder
with increasing temperatures. Therefore the structure shows
on average A2/a symmetry. A second, isosymmetric phase tran-
sition has been observed at 825 K and ambient pressure ($-#
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transition) (Kek et al. 1997; Zhang et al. 1997; Chrosch et al.
1997). Malcherek (2001) used spontaneous strains calculated
from high-temperature powder data to show that the interme-
diate phase between 496 and 825 K is characterized by shear-
ing. High-pressure powder experiments (Angel et al. 1999;
Kunz et al. 1996) also revealed a phase transition at 3.5 GPa
corresponding to a symmetry change from P21/a to A2/a. Kunz
et al. (2000) related the 825 K phase transition to the 3.5 GPa
phase transition based on their in situ powder diffraction study
under simultaneous high pressure and high temperature. The
high-pressure phase as well as the high temperature #-phase
are assumed to be induced by local symmetrization of the Ti
octahedra, i.e., a disappearance of its out-of-center distortion.

The close structural relationship between malayaite and
titanite invites an investigation into the influence of electronic
effects on structural phase transitions. While the known phase
transitions in titanite are apparently dominated by the interac-
tion of the 2nd order Jahn-Teller distorted, octahedrally coordi-
nated d0 transition metal Ti4+(Munowitz et al. 1993), is replaced
by Sn4+. A study of the P-T behavior of malayaite may there-
fore provide insight into the relative importance of electronic
vs. topological effects on structural stability. In this study we
focus on the compressional behavior of malayaite and its pres-
sure-induced phase transformation.

EXPERIMENTAL METHODS

The malayaite samples for this experiment were taken from
the same sample used by Groat et al. (1996), Meyer et al.
(1998), and Bismayer et al. (1999). Its origin is a skarn north
of Ash Mountain in British Columbia (Canada). The sample
has the following chemical composition based on five O at-
oms according to Bismayer et al. (1999): Ca1.01 Sn1.01 Fe0.01

Si0.98 O5.
Two different single crystals of malayaite were used for the

high-pressure experiments. The first crystal was pressurized

from ambient conditions up to 7.394(4) GPa. At ~7.6 GPa the
crystal bridged the diamond anvils and broke apart. Another
crystal was loaded for both intensity measurements and addi-
tional compressibility data points in the range of interest. Both
single crystals of malayaite, with dimensions 100 % 80 % 80
&m3 and 130 % 50 % 40 &m3, respectively, were mounted into a
ETH diamond-anvil cell (Miletich et al. 2000) using a 4:1
methanol-ethanol mixture as hydrostatic pressure medium.
Stainless steel gaskets were preindented to 80–100 &m and a
hole 250 &m in diameter served as the pressure chamber. A
small ruby and a quartz crystal were loaded into the cell as
pressure calibrants. Accurate pressures were determined from
the unit-cell volumes of the quartz crystal using the equation
of state reported by Angel et al. (1997) yielding errors ranging
from 0.003 to 0.02 GPa. The ruby crystal was used for in-situ
pressure determination during the pressure setting (Mao et al.
1986). A total of 34 pressure points were collected on a Huber
four-circle diffractometer (unfiltered Mo radiation, 45kV,
35mA) with a point detector in a pressure range from room
pressure to ~7.4 GPa using the 8-position-centering technique
(King and Finger 1979). Intensity data were collected with an
Enraf Nonius CAD4 diffractometer (graphite-monochromatized
MoK" radiation, 50 kV, 30 mA) at 4.238(4), 4.505(7), 5.769(5),
and 7.33(2) GPa. The measured reflections were filtered through
the program Integrate (R. Angel, personal communication),
where each single reflection was surveyed in order to reject
aberrant reflections, which were contaminated by signals from
the cell components. Peak fits were performed using the
Lehmann-Larsen algorithm (Grant and Gabe 1978). An ana-
lytical absorption correction for both sample and beam path
through the cell was performed using the program Absorb
modified after Burnham (1966). Using the remaining reflec-
tions with I > 4', the structures were refined with Shelx-97
(Sheldrick 1997) yielding R factors between 5.69% (ambient
conditions) and 7.27% (4.238 GPa). The refinement in the tri-
clinic phase with Pc > 5 GPa was done in space group A1–. We
chose A1– instead of the standard P1– in order to more easily
compare the triclinic structure with the monoclinic A2/a struc-
ture. In order to transform coordinates from the A1– setting into

P1–, the following matrix was applied: 

1 0 0

0 1 1

0 1 1

(

)

*
*

+

,

-
-

. During re-

finement, the displacement parameters for the O atoms were
constrained to be equal. The Si–O bond lengths were soft-con-
strained to a target value of 1.64 Å (weighting factor 0.006).
The angles were allowed to refine. The isotropic displacement
parameters Uiso for the O atoms were fixed at 0.010 Å2. For
more details see Table 1.

RESULTS AND DISCUSSION

Refined unit-cell parameters for 35 different pressures in-
cluding a data point from a crystal in air are given in Table 2.
Fractional coordinates of atoms for five different pressure points
are shown in Table 3. Selected bond lengths and interatomic
distances are reported in Table 4. The compressibility results
are summarized in Table 5.

FIGURE 1. (a) Ball and stick model of a fragment of the malayaite
structure. (b) Same fragment in the monoclinic phase at 4.505 GPa
and (c) in the triclinic phase at 7.33 GPa.
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Structural phase transition
A structural phase transition accompanied by a symmetry

reduction from monoclinic to triclinic revealed itself at Pc =
4.95(1) GPa. At this pressure the " and # angles begin to devi-
ate from 90 , and reached maximum values of 91.230(7) and
89.078(7) , respectively, at 7.33(2) GPa (Fig. 2). No disconti-
nuity was observed in the pressure dependence of axes and
volume. The phase transition is fully reversible. However, we
observe a reproducible, conspicuous change in slope in the
evolution of the " and # angle with pressure within the triclinic
phase around ~5.7 GPa.

Compressibility
The bulk modulus of malayaite was determined by fitting a

Birch-Murnaghan equation of state (Eq. 1) to the P-V data of
the monoclinic phase:
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Least squares fits yield V0 = 389.68(3)Å3, K0 = 121(1) GPa
and K ' = 4.2(5) for data with P < Pc. For data with P > Pc K' has
been fixed to 4 as this value is generally accepted for silicates.
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Furthermore, it is close to the fitted K' of the low-pressure phase.
Least square fits yield values of V0 = 390.3(1) Å3, K0 = 118.3(7)
GPa, K' = 4 (fixed) for data with P > Pc. This implies a soften-
ing of the structure under high pressure, which is impossible
from a thermodynamic point of view. As the difference of the
fitted compressibility values is less than two standard devia-
tions we conclude that the resolution of our data does not al-
low us to detect any difference in elastic properties between
the monoclinic and triclinic phase. We therefore applied a single
EoS to the full pressure range from room pressure to 7.3 GPa.
Fitting a third order Birch-Murnaghan equation of state to these
data yields the following values: V0 = 389.64(3) Å3, K0 =
121.6(7) GPa, and K' = 4.6(2). The K0 of A2/a malayaite is
smaller than that of titanite [120(1) GPa vs. 131.4(7) GPa],
which means that malayaite is easier to compress than titanite
(Table 5).

Due to the above-mentioned kink in the " and # angles at
5.7 GPa, an attempt was made to fit bulk and axial com-
pressibilities as well as angle-polynomials separately to data
above and below 5.7 GPa. No significant difference was ob-
tained for axial values, whereas the observed angular kink is
clearly reflected in the fitted polynomial. The axial com-
pressibilities were calculated by Equation 2, where K' has been
fixed at 4:

a a
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0 1 =

(
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0
0

1 12

1
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               (2)

In the A2/a phase, the b axis is the least compressible (Fig.
3), similar to titanite. More details of the respective axial
compressibilities and bulk moduli are given in Table 5.

Structural evolution
In order to correlate the monoclinic to triclinic phase tran-

sition with structural changes we measured diffracted intensi-
ties on either side of the phase transition, namely at 4.238(4),
4.505(7), 5.769(5), and 7.33(2) GPa, respectively. The struc-
ture refinements reveal the following patterns:

Monoclinic. Between room pressure and 4.5 GPa the Sn-
O1-Sn angle shows no significant change. At the same time a
very small internal distortion of the SnO6 octahedron (Table 4)
is observed. The Sn-O bond distances remain almost constant
(Table 4). This stiffness shows that the SnO6 polyhedra act as
rigid units inside the structure. Within the polyhedra only the
expected shortening of the bond lengths can be seen. The great-
est change in the monoclinic structure is in the SiO4 tetrahedral
edges (O3-O3 and O2-O2), which decrease by 0.02 and 0.036
Å, respectively (Table 4). At the same time, the Si-O bond dis-
tances decrease (Table 4). The tetrahedral angles remain nearly
constant suggesting an isotropic compression of the SiO4 tetra-
hedra. The large volume reduction of the CaO7 polyhedra in
the monoclinic phase (3.4%) makes it the softest structural unit.
But, remarkably, the SiO4 tetrahedron is forced to reduce its
volume by about 3%, which is mainly achieved by a decrease
in bond lengths. This soft behavior of the [SiO4]4– complex anion
relative to the other structural units is unusual and surprising.

Triclinic. The structural differences between the triclinic
and monoclinic phase are most clearly recognized when look-
ing at cation-cation distances. As mentioned above, in the mono-
clinic structure the SnO6 octahedra form linear chains parallel
to [100]. When projected parallel to [100] these chains are ar-
ranged on the corners of an even-sided rhombus with four
equivalent Sn-Sn distances parallel to <011>. Above the phase
transition, the distance between adjacent SnO6 chains is com-

FIGURE 2. Evolution of the " (circles) and # angle (diamonds) as a
function of pressure. The experimental uncertainties are smaller than
the symbols. Full symbols mark the angle before the phase transition,
open symbols denote the angle after the phase transition. Note the
change of the slope at ~5.8 GPa.
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pressed more strongly parallel to [011] than parallel to [011–],
violating both the twofold screw axis and the glide plane (Table
6, Fig. 4). As a consequence, the Sn site splits into two sym-
metrically distinct sites occupying alternate positions along the
octahedral chains. The asymmetric relative shift of the SnO6

chains is also reflected in a twisting of the chain-linking SiO4

tetrahedra. Their O2-O2 vector rotates relative to the O3-O3
edge to make a more parallel arrangement of these normally
perpendicular tetrahedral edges.

The distortion of the SnO6-SiO4 framework also affects the
coordination of the Ca atom. As a response to the imposed con-
straint due to high pressure, the CaO7 polyhedra move closer
together. This brings an eighth O atom (part of the neighboring
CaO7 polyhedra) into the coordination sphere of the Ca atom
(Fig. 5a). The bond valence of this new Ca-O2 bond increases
from 0.038 v.u. at 1 bar to 0.057 v.u. at 5.7 GPa to 0.095 v.u. at
7.3 GPa (Fig 5b). Hence the originally linear CaO7 chains
change into CaO8 sheets parallel to (1–11) in the triclinic phase
at 7.338 GPa (Fig. 6). It is remarkable that this polymerization
does not coincide with the phase transition at 4.95(1) GPa but
occurs somewhere within the triclinic phase. Comparing the
evolution of the " and # angles vs. pressure (Fig. 2) with the
evolution of the Ca-O2 bond valence and bond length (Fig. 5)
suggests that this polymerization occurs at the same pressure
where the angular evolution shows a change in slope. This could
imply an isosymmetric phase transition around this pressure.
The relative shift of the Ca atoms is again best described in
terms of cation-cation distances (Table 7). Ca occupies a cav-
ity within the SnO6-SiO4 framework. In the a-c plane, the size
and geometry of this cavity is defined by the positions of the
SiO4 tetrahedra, whereas in the [010] direction, it is limited by
the O1 atom, which on the other hand links two consecutive
SnO6 octahedra (Fig. 7). At ambient conditions, the Ca atom is
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FIGURE 3. Reduced cell axes of malayaite as a function of pressure.

FIGURE 4. Schematic sketch of the A1
–

(solid line) and P1
–

(dashed line)
setting for malayaite viewed along a. The diamonds represent the octahedral
chains projected parallel to the a axis. The even-sided rhombohedral shape
outlined by 4 neighboring chains becomes an uneven rhombus in the triclinic
phase. The numbers denote the distances listed in Table 6.

FIGURE 5. (a) Range of Ca-O bonds for CaO7 polyhedra (bars)
compared with the approaching Ca-O2 bonds (open marks). Note that
eightfold coordination is only achieved between 5.7 GPa and 7.3 GPa.
(b) Plot of bond valences vs. pressure for Ca-O2. Note the sharp kink
at ~5.8 GPa, the same pressure where a change of slope is also noticed
for the cell angles versus pressure. The lines are a guide to the eye.
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known to show an increased dynamic or static displacement
within this cavity parallel to [100] as indicated by a large U11

value (Groat et al. 1996; Meyer et al. 1998). This thus indi-
cates either a flat Ca potential well parallel to [100] (dynamic
disorder) or two minima separated by a small energy barrier
(static disorder) (Fig. 8). From the interatomic distances be-
tween Ca and Si, we can see that this flat but symmetric ar-
rangement in the monoclinic phase is replaced by an asymmetric
arrangement in the triclinic phase (Figs. 7 and 8). This is evi-
denced by a shortening of one Si-Ca distance approximately
parallel to [100] (Table 7). It is this movement that brings one
additional O2 atom, which is linked to the respective Si atom,
into the coordination sphere of the Ca atom.

Comparing malayaite with titanite under non-ambient
conditions

Comparing malayaite with titanite under high pressure re-
veals some difference in the structural evolution. First of all,
titanite adopts space group A2/a at 3.6 GPa where the Ti atoms
move to the geometric center of their octahedral O atom envi-
ronment. Within this A2/a phase, previous experiments on
titanite based on Rietveld refinements of high-pressure pow-
der data seem to indicate a straightening of the Ti-O1-Ti angle,
whereas the O1-Ti-O3 angle does not vary significantly (Kunz

et al. 1996; Kunz et al. 2000). This straightening of the octahe-
dral chains is not observed in our study on malayaite. It is not
clear whether this difference is due to the different material or
if it is an artifact. An artifact might result from the difficulty to
accurately determine the position of O atoms especially in high-
pressure data if strongly scattering atoms such as Ti are present
in the structure. High-pressure studies on single crystals of
titanite are currently underway.
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FIGURE 6. CaO7 polyhedra at room pressure (a) and above 5.8 GPa
(b). The arrows indicate the oxygen atom which at high pressure connects
to the neighboring chain and thus helps to form sheets parallel to (1

–
11) .

FIGURE 7. Sketch of the polyhedral environment of the Ca atom in
the a-c plane. The Si-labels refer to the numbers in Table 7.

FIGURE 8. Schematic sketch of possible potential-energy curves of
the Ca atom parallel [100] in the monoclinic (a) and triclinic (b) phase.
Note that the large displacement parameter parallel a at ambient conditions
can be explained by either a dynamic or a static disorder expressing either
a flat potential well or a multiple-minima energy curve.
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Comparing the behavior of malayaite under pressure
with other titanite-like structures

Troitzsch and Ellis (1999) reported strongly distorted
SiO4 tetrahedra at ambient conditions for the CaTiOSiO4-
CaAlFSiO4 series. CaAlFSiO4 is an Al-F analog to A2/a
titanite. The Si-O2 bonds are shortened, Si-O3 bonds are
elongated, and the O2-Si-O2 angle at 101.4 is very small.
The authors explained this distortion with an off-centering
of the Si atom, which improved the bond-valence sum of all
atoms in the SiO4 tetrahedra. The AlF2O4 octahedron in
CaAlFSiO4 remains constant upon chemical substitution.
Although in malayaite the distortion of the tetrahedra is not
so distinct, it seems that in this structure type, deviations
from the ideal bond lengths and angles are not so excep-
tional in order to balance external strain imposed either by
chemical exchange or non-ambient conditions.

The montebrasite-amblygonite series Li[Al(PO4)OH] –
Li[Al(PO4)F] is topologically identical to the malayaite struc-
ture (Groat et al. 1990). Interestingly, these are the only known
naturally occurring minerals with the titanite structure-type that
crystallize in the triclinic system. Groat et al. (1990) reported

them as triclinic C1–. A transformation matrix 
0 0 1

0 1 0

1 0 0

(

)

*
*

+

,

-
- re-

veals the identity of this structure with the high-pressure
malayaite structure. The <P-O> distance in amblygonite-
montebrasite remains constant across the series, but the angles
deviate with increasing F/(F + OH) value. The PO4 tetrahedra
are flattened with increasing OH value similar to the SiO4 tet-
rahedra in malayaite upon increasing pressure. As in triclinic
malayaite, the distances between the octahedral chains are dif-
ferent in different directions. These differences become more
pronounced with increasing OH-content. This seems to indi-
cate that chemically imposed structural strain has a similar ef-
fect on this structure type as pressure induced strain.

The structure of CaGe2O5 can be correlated with the high-
temperature structure of titanite (Aust et al. 1976) and there-
fore also to malayaite. Here, the Ti and Si atoms are replaced
by the larger Ge atom, which reduces the symmetry at ambient
conditions to P1–. At T > 600 C CaGe2O5 adopts the mono-
clinic space group C2/c. Interestingly, Ca-O2 and Ge(6)-O2
bond lengths seem to be shortened in both the low and high
symmetry phases, leading to irregular, neighboring GeO6 octa-
hedra.

Angel et al. (1996) described a triclinic phase for CaSi2O5.
This material contains fourfold-, fivefold-, and sixfold-coordi-
nated silicon and thus is distinctly different from the triclinic
malayaite high-pressure phase. However 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 CaSi2O5, where the A2/a structure of malayaite is
adopted (Angel 1997).
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