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In situ powder diffraction study of titanite (CaTiOSiO,) at high pressure and high
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ABSTRACT

A set of powder diffraction data was collected for synthetic titanite (CaTiOSiO,) at simulta-
neously high pressures and high temperatures in a P-T field between 275 K to 650 K and room
pressure to 4.9 GPa, respectively. With these data it was possible to relate the A2/a high-pressure
phase at >3.5 GPa (room temperature) to the A2/a high temperature phase observed above 825 K
(room pressure). The slope of the phase transition is —180 K/GPa. The data also allowed the extrac-
tion of P-V-T equations of state with the following parameters: for P2,/a: Kz, = 113.4(3), (0Kro/
0T), = —0.061(3) GPa/K, Vs = 369.04(2) A3, oty = 2.07(5)/10° K. For A2/a: Kyeo = 135.2(2), (0K
oT), = —0.073(1) GPa/K, Vi = 367.12(2) A3, 0y = 2.8(2) / 10°K, where K is bulk modulus, V is
volume, and o is thermal expansivity. A structural analysis based on Rietveld refinements revealed
that the polymerized CaO, polyhedra dominantly affect the structural response to changing pressure
and temperature. The TiO4 octahedra rotate almost rigidly in response to the compression of the
CaO;, polyhedra with which they share edges. The SiO, tetrahedra show a strong angular distortion

with only little change in bond lengths.

INTRODUCTION

Titanite (CaTiOSiO,), a rock forming mineral, is interest-
ing for both geologists as well as material scientists. This not
only because of its ability to retain radionucleids, which makes
it a likely candidate as an inert host for nuclear waste disposal,
but also for its interesting structural relation to the nonlinear
optical material KTiOPO, (KTP). Both materials are structur-
ally characterized by corner linked chains of TiO4 octahedra.
These chains are mutually connected via isolated tetrahedra,
which are occupied by P°* and Si* in KTP and titanite, respec-
tively. Although the exact topology of the two compounds dif-
fer (e.g., Kunz et al. 1995), a common feature is the distinctive
distortion of the TiOg units. This distortion, characterized by a
shift of the central metal out of its otherwise regular oxygen
octahedron, is caused by an electronic second-order Jahn-Teller
effect and thus occurs around most octahedrally coordinated
d° transition metals (Kunz and Brown 1994). This distortion
induces a hyperpolarizability at the short titanyl bond that, if it
is embedded in a non-centrosymmetric structure, gives rise to
strong nonlinear optical effects. The crucial difference between
KTP and titanite with respect to this distortion and to their physi-
cal properties is that in KTP all out-of-center distortions are
oriented more or less parallel to each other, whereas in titanite
these distortion-vectors are parallel within a TiO4 chain, but
correlate in an anti-ferroelectric way between adjacent chains
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(Fig. 1). This anti-ferroelectric interaction between adjacent
TiOg chains in titanite cancels the locally induced hyper-polar-
izabilities and therefore inhibits any interesting nonlinear opti-
cal effects.

It is not yet clear what factors control the mutual interac-
tion between the out-of-center distortions of neighboring chains.
However, this interaction should be weak in titanite, as deduced
from the disappearance of the correlation of distortion between
adjacent TiOg chains at already moderate temperature (ca. 500
K). The loss of correlation is revealed by a phase transition
with a change in space-group from P2,/a (ordered distortion
vectors) to A2/a (disordered distortion vectors, e.g., Zhang et
al. 1995). Hayward et al. (2000) show on the basis of heat ca-
pacity C,, dielectric susceptibility and diffraction data
(Bismayer et al. 1992; Zhang et al. 1995) that the excess en-
tropy at the 500 K transition is very small (5.76 J/K-mol).
Measurements of Cp (Tangeman and Xirouchakis 2000) con-
firm this low excess entropy at the 500 K transition. This low
value is suspected to be connected to the smallness of the spon-
taneous strain associated with the dipole order-disorder phase-
transition. This in turn is related to an unusually weak coupling
between long-range order parameter (i.e., anti-ferroelectric
coupling of dipoles) and strain. In addition, a small dilution of
the concentration of out-of-center vectors by impurities, such
as Al** or Fe** (observed in natural titanites, e.g., Oberti et al.
1991) or Sn** (Kunz et al. 1997), strongly affects this phase
transition or even removes the stability field of the P2,/a phase.

Two additional phase changes exist, which mostly depend
on the out-of-center distortion. The temperature induced
isosymmetric (A2/a <> A2/a) transition around 825 K (Kek et
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al. 1997) is interpreted as a change to a more symmetric Ti
coordination based on softening of the Raman Ti-O stretching
band. Another P2,/a <> A2/a phase transition is triggered by
high pressure around 3.5 GPa (Kunz et al. 1996; Angel et al.
1999a). Based on crystal chemistry, this phase transition is as-
sumed but not proven to be driven by a move of the Ti metal
into the center of its coordination octahedron. To better under-
stand the structural relationships between the pressure depen-
dent phase transition and the two temperature driven phase
changes, we collected powder diffraction data at simultaneously
high pressure and temperature. This not only provides more
structural information, but also yields further thermodynamic
constraints on the intermediate phase between 500 K and 825 K.

EXPERIMENTAL METHODS

Synthetic titanite powder grown at subsolidus conditions
(Xirouchakis et al. 1997) was loaded in a diamond anvil cell
equipped with a resistance heater (Fei et al. 1992). The sample
was embedded in a methanol/ethanol (4:1) pressure-transmit-
ting medium together with NaCl, which served as a pressure
marker. Data were collected along the P-T path shown in Fig-
ure 2 with a monochromatic [A = 0.4859(2) 10\] X-ray beam
generated by two phased undulators of the ESRF beamline ID30
and selected with a channel cut Si-(111) monochromator. The
powder diffraction patterns were recorded with a fast online
image plate reader (Thoms et al. 1998). The 2D data were first
corrected for flatfield effects and detector inherent distortions
and then integrated into an intensity vs. 2-theta pattern using
the procedure described by Hammersley et al. 1995, 1996, and
Hammersley 1997. Final data analysis was done by Rietveld
refinement using the program package GSAS (Larson and Von
Dreele 1994). All profiles were first fitted with the Le Bail
approach (Le Bail 1992) adjusting only cell-parameters and
peak-profile coefficients. After convergence, these values were
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FIGURE 1. Polyhedral model of the titanite structure projected
parallel a, i.e., parallel to the chains of TiOg-octahedra. The labels “up”
and “down” denote the direction of the out-of-center distortion with
respect to the projection plane.
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kept fixed for subsequent Rietveld refinement. For the Rietveld
refinement, the U, for Ca, Ti, Si, and O were kept fixed at
values of 0.008, 0.002, 0.0015, and 0.004 Az, respectively. For
stable refinements a soft-constraint had to be applied to the Si-
O bond-lengths. For refinements in space-group P2,/a, we used
a weighting factor of 10 and a target bond length of 1.63 A.
The weighting factor was reduced to 1.0 for refinements in
space-group A2/a. For the final Rietveld refinement cycles, soft
constraints were removed and cell parameters and peak profile
coefficients were refined.

RESULTS AND DISCUSSION

The results of the Rietveld refinements are summarized on
Table 1.

P2,/a <> A2/a Phase Transition

The location of the P2,/a <> A2/a phase transition in titanite
is not straightforward with powder diffraction. It can most re-
liably be done based on the presence of k + [ = odd reflections,
which are allowed in P2,/a but forbidden in A2/a. However,
most of the strong k + [ = odd reflections overlap with other
reflections which are not space-group sensitive and can thus
not be used in a powder pattern. The only well-resolved reflec-
tions of the k + [ = odd class are the 221 and 212 (Kunz et al.
1996) which we used to monitor the phase transition on the
basis of their presence in the powder pattern. This revealed
that the P2,/a <> A2/a phase transition has a negative slope of
about —180 K/GPa (Fig. 2). The phase boundary extrapolates
to around 3.5 GPa at room temperature, consistent with previ-
ous 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 (Fig. 2). This suggests,
that the high-pressure A2/a phase corresponds to the high-sym-
metry phase above 825 K rather than to the disordered inter-

Pressure (GPa)

FIGURE 2. Pressure-temperature path for the powder diffraction
experiments in the diamond anvil cell. Solid triangles represent data
sets refined in space group A2/a; open squares stand for patterns, which
were refined in space group P2,/a. The solid line is indicating the
approximate position of the P21/a <> A2/a phase boundary. Its linear
extrapolation (dashed) to room-pressure suggests the 825 K phase to
be identical with the high-pressure phase. The stars indicate the location
of the high-pressure and high-temperature phase transitions,
respectively.
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mediate A2/a phase between 496 K and 825 K. This result con-
firms the crystal chemical interpretation of the high-pressure
structure as a structure characterized by a truly symmetric Ti-
coordination rather than by a disorder of the out-of-center dis-
tortion vector (Kunz et al. 1996).

Chrosch et al. (1997), Zhang et al. (1995) and Bismayer et
al. (1992) investigated the intensity variation of the super-lat-
tice reflection as a function of temperature in the P2,/a phase.
They show that below 500 K, the intensity decreases in a non-
linear way to zero at the critical temperature (7). They model
the variation of the intensity as I o< Q% o< Q2T — T8, with a
transition temperature 7, of 495.6 K and a critical exponent 3
of 0.14(1). Angel et al. (1999a) found that for the phase transi-
tion at high pressure, the intensities of the super-lattice reflec-
tions, and thus the square of the order parameter (Q) vary
linearly with pressure, suggesting that pressure may suppress
non-linearity of the variation of Q°. This hypothesis holds for
our case: the normalized intensity of 22T and 212 shows a
(within experimental uncertainty) linear variation with both, IT
— Tl and IP — P,. Pressure thus seems to suppress not only the
pressure-dependent but also the temperature dependent non-
linearity of Q*variation. Volume strain can be used to test this
hypothesis. The volume-strain (V= V',/V — 1) transforms
according to the A, representation and is thus proportional to
Q?, which is confirmed by our data within the limits of the
uncertainty of the relatively weak super-lattice reflections. To
better investigate the true nature of the phase-change in P-T-
space, we plan for more accurate single crystal diffraction data.

The question remains how the intermediate A2/a phase re-
acts on pressure. Accurate single-crystal data between 465 K
and 850 K in a very narrow and low-pressure regime are needed
to answer this question.

COMPRESSIBILITY

Among the 45 P-V-T data points, 13 were collected in the
P2,/a stability field whereas the remaining 32 were refined in
space group A2/a. Data were collected by changing tempera-
ture at a given pressure, because the metal in the DAC gaskets
only allows limited pressure cycling. It also minimizes
deviatoric stress on the sample due to the annealing effect of
high temperature. The disadvantage, however, is that it creates
mainly isochoric data and thus only few isothermal and no iso-
baric data series. We therefore could not determine isothermal
bulk moduli or isobaric thermal expansion values directly. In-
stead we used the full data subsets to fit a P-V-T third-order
Birch-Murnaghan equation of state (Birch 1947).

T COR A s LR

This procedure has been proposed by Saxena and Zhang
(1990) and Martinez et al. (1997) and is derived in detail in
Fiquet et al. (1998). It is based on substitution of K, by a func-
tion of Ky, and dK;/dT, and V;, by a function of V,e, O,
and o, into Equation 1. This leaves us with V,e, Kaos0, 0K/
P30, 0K 1¢/dT, 01y, and a1, as refineable parameters. Due to the
limited P-T spread of our two subsets we decided to fix dK/0P
and o, to values of 4 and 0, respectively, to achieve stable con-

1467

vergence. For the fit, data were weighted with the inverse of
the pressure uncertainty, which was estimated as

K 2
6,=0,+ Gi(;) +07(aK)’ 2

where o is the total estimated pressure uncertainty, ©,. the
uncertainty from the pressure measurement, 6, the volume un-
certainty of the pressure standard and G, the temperature un-
certainty (Angel 2000).

With this procedure, and by using the room temperature data
of Angel et al. (1999a, 1999b) to better constrain Koo We 0ob-
tained the following thermoelastic parameters for P2,/a- and
A2/a (high-symmetry) titanite:

P2,/a: Kaggo = 113.4(3), (%) =-0.061(3) GPa/K, Vaygo =

369.04(2) A3, oy = 2.07(5) / 10°K. 3)

A2/ Kopgo = 135.2(2), (857,0) = ~0.073(1) GP/K, Vygyo=
T P

367.12(2) A%, oy = 2.8(2) / 10°K. )

One should keep in mind, however, that the standard devia-
tions indicated are analytical and do not represent the uncer-
tainty of the assumptions for K' and o,. Various fits with
different combinations of K' and o, between 4 and 6 (K') and 0
and 6 - 107 (0,) can give a feeling of the true uncertainties:
Increasing K' to 6 leads to a reduction of K, by about 10 GPa.
Increasing o, to 6 - 107* leads to a reduction of o, to very low
(107°) and even negative values. It should be also mentioned
here, that the high values for the temperature dependence of K,
may be an indication for elastic softening around the phase
transition (Carpenter and Salje 1998). This of course would
make the use of a conventional equation of state for any phase
above or below the phase transition invalid.

The lack of isobaric and isothermal data makes it difficult
to directly compare the reverse effects of pressure and tem-
perature on the individual cell parameters. From the pseudo-
isochoric series (e.g., 37 to 45; 28 to 34), we however can
estimate that a temperature change of —350 K has roughly the
same effect on the volume as a pressure change of 1 GPa. We
can also look at the change of the cell parameters as a function
of cell volume and compare this with the behavior at high tem-
perature or high pressure only. Here we find that the
thermoelastic behavior of titanite is somewhat unusual: unlike
most compounds titanite does not show an inverse relationship
between the orientation of the elastic tensor and the orientation
of the thermal expansion tensor. From data collected at high
pressure (Kunz et al. 1997; Angel et al. 1999a, 1999b) or high
temperature (Taylor and Brown 1976; Kek et al. 1997), the b
axis is the stiffest on compression but is also the one showing
the largest thermal expansion. If we plot the relative cell axes
vs. the volume of our P-V-T data (Fig. 3), we find that for the
P-T spread of our data set, the change in volume is clearly domi-
nated by the pressure effect, because it shows the same charac-
teristics as is observed for P-V-data, i.e., a smaller change in b
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TABLE 1. Cell parameters and fractional coordinates for the individual P-T-points as derived from Rietveld refinement

P-T-Point* 001 002 003 004 005 006 007 008 009
Pressure (GPa) 0.21 0.87 0.71 1.21 1.26 1.23 1.70 1.69 1.77
Temperature (K) 300 609 483 670 648 628 627 518 555
Space Group P2,/a P2,/a P2:/a P2:/a P2:/a P2:/a A2/a P2,/a P2:/a
a(A) 7.0572(3) 7.0512(4) 7.0494(3) 7.0442(3) 7.0391(3) 7.0411(3) 7.0246(4 7.0187(4) 7.0186(3)
b (A) 8.7108(4) 8.7141(5) 8.7102(5) 8.7132(5) 8.7100(4) 8.7106(4) 8.7037(6 8.6965(5) 8.6983(4)
c(A) 6.5534(4) 6.5521(4) 6.5484(4) 6.5476(4) 6.5433(3) 6.5441(3) 6.5329(5 6.5243(4) 6.5272(4)
B () 113.786(5) 113.735(6) 113.742(5) 113.705(5) 113.686(5) 113.682(5) 113.619(7) 113.594(6) 113.617(5)
Ca(x) 0.239(4) 0.244(4) 0.255(6) 0.264(6) 0.264(3) 0.265(4) Ya 0.266(6) 0.274(6)
Ca(y) 0.913(1) 0.924(4) 0.919(2) 0.914(2) 0.913(1) 0.915(1) 0.1608(17)  0.912(2) 0.911(2)
Ca(z) 0.750(5) 0.744(8) 0.757(10) 0.743(8) 0.738(5) 0.739(5) 0 0.754(8) 0.766(8)
Ti(x) 0.527(3) 0.503(6) 0.499(5) 0.517(5) 0.525(3) 0.512(5) Yo 0.525(5) 0.519(5)
Ti(y) 0.753(3) 0.747(7) 0.748(5) 0.751(4) 0.748(3) 0.746(3) 0 0.756(5) 0.755(7)
Ti(z) 0.246(3) 0.241(7) 0.256(6) 0.243(5) 0.246(4) 0.244(5) Yo 0.254(6) 0.254(8)
Si(x) 0.759(4) 0.738(10) 0.735(7) 0.736(8) 0.726(5) 0.728(5) Y 0.753(9) 0.755(11)
Si(y) 0.934(2) 0.923(3) 0.929(2) 0.932(2) 0.936(2) 0.935(2) 0.182(2) 0.931(2) 0.934(3)
Si(z) 0.774(4) 0.756(9) 0.752(10) 0.757(9) 0.752(7) 0.756(7) 0 0.745(9) 0.748(13)
O1(x) 0.766(10) 0.871(6) 0.755(6) 0.784(12) 0.750(11) 0.736(13) Y 0.808(9) 0.869(7)
O1(y) 0.810(2) 0.780(7) 0.806(5) 0.814(3) 0.829(3) 0.818(3) 0.073(3) 0.813(3) 0.788(6)
O1(z) 0.270(9) 0.251(8) 0.251(7) 0.235(14) 0.249(15) 0.249(15) Yo 0.241(1) 0.247(10)
02(x) 0.897(5) 0.926(11) 0.920(9) 0.907(9) 0.899(7) 0.902(8) 0.916(8) 0.912(11)
02(y) 0.800(4) 0.816(10) 0.817(9) 0.807(9) 0.813(5) 0.813(7) 0.813(8) 0.811(11)
02(z) 0.928(5) 0.932(15) 0.923(11) 0.933(10) 0.923(7) 0.918(8) 0.934(12) 0.940(15)
O3(x) 0.353(6) 0.378(12) 0.386(10) 0.367(12) 0.369(8) 0.367(8) 0.894(3) 0.392(9) 0.403(12)
03(y) 0.945(5) 0.955(9) 0.947(7) 0.950(7) 0.949(5) 0.944(6) 0.064(3) 0.968(9) 0.971(13)
083(z) 0.125(6) 0.142(14) 0.162(14) 0.139(14) 0.126(9) 0.124(9) 0.195(3) 0.176(13) 0.176(18)
O4(x) 0.895(5) 0.930(12) 0.918(9) 0.922(9) 0.929(6) 0.920(8) 0.910(8) 0.942(12)
O4(y) 0.338(4) 0.310(10) 0.308(9) 0.319(8) 0.319(6) 0.316(7) 0.319(9) 0.319(11)
04(z) 0.436(5) 0.433(15) 0.438(11) 0.452(10) 0.452(7) 0.442(8) 0.453(12) 0.432(15)
O5(x) 0.378(5) 0.389(12) 0.370(11) 0.371(10) 0.368(6) 0.373(7) 0.376(3) 0.369(9) 0.387(14)
O5(y) 0.468(4) 0.466(9) 0.468(7) 0.461(7) 0.454(5) 0.462(5) 0.211(3) 0.454(9) 0.458(13)
05(z) 0.646(7) 0.682(15) 0.656(14) 0.674(13) 0.678(8) 0.672(9) 0.402(3) 0.649(12) 0.655(18)
R(p) (%) 0.89 1.70 1.48 1.74 1.41 1.26 1.85 1.52 1.83
R(wp) (%) 1.59 2.68 2.35 2.61 2.23 2.06 2.78 2.35 212
R(F?) (%) 4.43 17.5 16.83 16.7 13.89 13.92 18.5 13.64 15.9
* Run numbers are HS349-XXX.
TABLE 1—Continued
P-T-Point HS349_xxx 019 020 021 022 023 024 025 026 027
Pressure (GPa) 3.97 4.29 4.26 4.11 4.10 3.86 3.63 4.67 4.93
Temperature (K) 659 618 568 525 483 399 301 658 609
Space Group A2/a A2/a A2/a A2/a A2/a A2/a A2/a A2/a A2/a
a(A) 6.9656(4) 6.9560(5) 6.9529(5) 6.9540(5) 6.9527(5) 6.9543(6) 6.9559(6) 6.9496(5) 6.9413(6)
b (A) 8.6709(5) 8.6644(7) 8.6610(7) 8.6603(7) 8.6576(6) 8.6586(8) 8.6586(8) 8.6605(7) 8.6549(8)
c(A) 6.4816(4) 6.4713(6) 6.4677(7) 6.4674(6) 6.4666(6) 6.4707(8) 6.4672(6) 6.4654(6) 6.4570(8)
B () 113.399(7) 113.358(9) 113.347(10) 113.348(9) 113.349(10) 113.380(1) 113.376(1) 113.342(10) 113.317(12)
Ca(x) a a a Va Va a Va Vs a
Ca(y) 0.166(1) 0.166(1) 0.166(1) 0.163(1) 0.165(1) 0.161(2)  0.165(2) 0.165(2) 0.164(2)
Ca(z) 0 0 0 0 0 0 0 0 0
Ti(x) Yo Yo Yo Ya Ya Yo Ya Ya Yo
Ti(y) 0 0 0 0 0 0 0 0 0
Ti(z) Yo Yo Yo Ya Ya Yo Ya Ya Vs
Si(x) Ya Ya Ya Ya Ya Ya Ya Ya Ya
Si(y) 0.193(2) 0.195(2) 0.196(2) 0.197(2) 0.188(2) 0.196(3)  0.196(2) 0.194(3) 0.194(3)
Si(z) 0 0 0 0 0 0 0 0 0
O1(x) Ya Ya Ya Ya Ya Ya Ya Ya Ya
O1(y) 0.052(3) 0.053(3) 0.057(3) 0.048(3) 0.043(3) 0.032(4)  0.047(4) 0.057(3) 0.051(4)
O1(z) Yo Yo Yo Ya Ya Yo Ya Ya Yo
02(x)
02(y)
02(z)
O3(x) 0.930(2) 0.926(3) 0.921(3) 0.924(6) 0.923(3) 0.928(3)  0.925(3) 0.923(3) 0.923(3)
03(y) 0.069(2) 0.070(2) 0.069(2) 0.071(2) 0.072(2) 0.076(2)  0.071(2) 0.071(2) 0.074(2)
03(z) 0.176(2) 0.174(3) 0.170(3) 0.172(3) 0.179(3) 0.177(4)  0.169(3) 0.176(3) 0.178(4)
O4(x)
O4(y)
04(z)
O5(x) 0.398(2) 0.396(3) 0.398(3) 0.396(3) 0.396(3) 0.393(3)  0.398(3) 0.394(3) 0.397(3)
O5(y) 0.219(2) 0.219(2) 0.214(2) 0.217(2) 0.219(2) 0.215(2) 0.217(2) 0.219(2) 0.221(3)
05(z) 0.390(3) 0.387(3) 0.392(4) 0.388(3) 0.394(3) 0.387(4)  0.394(4) 0.383(4) 0.386(4)
R(p) (%) 1.36 1.51 1.52 1.56 1.59 1.92 1.68 1.58 1.65
R(wp) (%) 2.42 2.63 2.59 2.58 2.58 2.96 2.83 2.75 2.89

R(F?) (%) 8.38 8.92 8.03 8.76 8.48 7.60 8.70 8.76 7.60
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TABLE 1—Extended
P-T-Point HS349_xxx 010 011 012 013 014 015 016 017 018
Pressure (GPa) 1.84 1.88 2.87 3.25 3.19 3.13 2.88 2.66 3.56
Temperature (K) 581 560 666 538 490 448 371 303 658
Space Group A2/a A2/a A2/a A2/a A2/a A2/a A2/a P2,/a A2/a
a(A) 7.0169(3) 7.0158(3) 6.9915(2) 6.9754(5) 6.9749(5) 6.9736(5) 6.9786(4) 6.9820(4) 6.9737(4)
b (A) 8.6981(5) 8.6986(5) 8.6881(3) 8.6723(7) 8.6726(7) 8.6716(7) 8.6726(6) 8.6748(5) 8.6760(5)
c(A) 6.5264(5) 6.5257(4) 6.5068(3) 6.4885(6) 6.4885(6) 6.4889(6) 6.4910(5) 6.4924(4) 6.4902(4)
B () 113.603(5) 113.592(6) 113.492(4) 113.443(10) 113.466(9) 113.487(9) 113.491(7) 113.498(7) 113.434(7)
Ca(x) Vs Ya YA Vs YA Ya Ya 0.253(5) YA
Cal(y) 0.159(1) 0.159(1) 0.163(1) 0.164(2) 0.162(1) 0.162(1) 0.165(1) 0.916(1) 0.168(1)
Ca(z) 0 0 0 0 0 0 0 0.744(5) 0
Ti(x) Ya Ya Yo Ya Yo Ya Yo 0.493(4) Vs
Ti(y) 0 0 0 0 0 0 0 0.732(2) 0
Ti(z) Yy Yy A Yy A Yy A 0.246(5) Yo
Si(x) FA FA Y FA Y FA Y 0.712(4) Y
Si(y) 0.188(2) 0.188(2) 0.193(2) 0.196(2) 0.195(2) 0.195(2) 0.188(2) 0.935(2) 0.191(2)
Si(z) 0 0 0 0 0 0 0 0.752(5) 0
O1(x) FA FA Y FA Y FA Y 0.727(10) %
O1(y) 0.075(2) 0.079(3) 0.063(3) 0.063(4) 0.050(3) 0.048(3) 0.051(3) 0.802(3) 0.058(3)
O1(z) Yy Yy A Yy A Yy A 0.242(12) %
02(x) 0.901(5)
02(y) 0.816(5)
02(z) 0.921(6)
O3(x) 0.912(2) 0.915(2) 0.916(3) 0.919(3) 0.925(2) 0.929(2) 0.924(2) 0.419(7) 0.926(2)
O3(y) 0.069(2) 0.069(2) 0.067(2) 0.072(2) 0.067(2) 0.068(2) 0.067(2) 0.950(4) 0.067(2)
03(z) 0.186(2) 0.187(2) 0.175(3) 0.176(3) 0.173(3) 0.176(3) 0.180(3) 0.146(7) 0.175(2)
O4(x) 0.952(5)
O4(y) 0.308(5)
0O4(z) 0.434(7)
O5(x) 0.380(2) 0.384(3) 0.401(3) 0.405(3) 0.404(3) 0.402(3) 0.391(3) 0.376(6) 0.395(2)
O5(y) 0.213(2) 0.213(2) 0.220(2) 0.225(3) 0.220(2) 0.214(2) 0.214(2) 0.477(4) 0.216(2)
05(z) 0.395(3) 0.401(3) 0.402(3) 0.396(4) 0.401(3) 0.395(3) 0.394(3) 0.670(8) 0.397(3)
R(p) (%) 1.33 1.41 0.93 1.47 1.46 1.64 1.38 1.34 1.32
R(wp) (%) 2.16 2.26 1.63 2.30 2.31 2.68 2.35 2.24 2.32
R(F?) (%) 9.8 9.84 6.82 8.76 7.20 7.74 6.92 8.68 7.58
P-T-Point HS349_xxx 028 029 030 031 032 033 034 035 036
Pressure (GPa) 4.88 4.80 4.75 4.61 4.45 4.36 4.89 4.34 3.79
Temperature (K) 568 522 469 396 338 301 656 660 662
Space-Group A2/a A2/a A2/a A2/a A2/a A2/a A2/a A2/a A2/a
a(A) 6.9410(5) 6.9409(5) 6.9395(6) 6.9385(6) 6.9399(7) 6.9414(6) 6.9443(5) 6.9534(4) 6.9664(3)
b (A) 8.6539(7) 8.6532(8) 8.6529(9) 8.6498(9) 8.6524(10) 8.6521(8) 8.6582(7) 8.6641(7) 8.6728(5)
c(A) 6.4559(7)  6.4551(7)  6.4550(8) 6.4533(8) 6.4547(9) 6.4553(7) 6.4621(6) 6.4730(5) 6.4846(4)
B(°) 113.333(10) 113.331(11) 113.338(12) 113.348(13) 113.352(14) 113.357(11)113.327(10) 113.361(8)  113.400(6)
Ca(x) 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4 1/4
Cal(y) 0.161(1) 0.160(1) 0.161(2) 0.160(2) 0.161(2) 0.162(1)  0.164(1) 0.165(1) 0.167(1)
Ca(z) 0 0 0 0 0 0 0 0 0
Ti(x) Vo Vo Vo Vo Vo Vo Vs A A
Ti(y) 0 0 0 0 0 0 0 0 0
Ti(z) s s s Vs Vs s 2 a Y
Si(x) s Y4 Ya Y4 % Ya Y Y Ya
Si(y) 0.193(2) 0.194(3) 0.195(3) 0.196(3) 0.198(3) 0.196(2)  0.192(2) 0.194(2) 0.195(2)
Si(z) 0 0 0 0 0 0 0 0 0
O1(x) Y4 Y4 Ya Ya Ya Ya Ya % Y
O1(y) 0.049(3) 0.049(3) 0.048(4) 0.042(4) 0.047(4) 0.045(4)  0.056(3) 0.057(3) 0.059(3)
O1(z) V2 V2 V2 Vo Vo V2 Vs A Vo
02(x)
02(y)
02(z)
0O3(x) 0.923(3) 0.920(3) 0.922(3) 0.919(3) 0.922(3) 0.923(3)  0.919(3) 0.917(3) 0.915(2)
O3(y) 0.073(2) 0.073(2) 0.075(2) 0.077(2) 0.077(3) 0.076(2)  0.069(2) 0.068(2) 0.066(2)
03(z) 0.176(3) 0.177(3) 0.175(3) 0.177(4) 0.172(4) 0.174(3)  0.178(3) 0.171(3) 0.167(2)
04(x)
O4(y)
04(z)
O5(x) 0.386(3) 0.388(3) 0.392(3) 0.389(3) 0.392(4) 0.393(3)  0.394(3) 0.391(3) 0.390(2)
O5(y) 0.217(2) 0.216(2) 0.219(2) 0.218(2) 0.219(3) 0.221(2)  0.218(2) 0.211(2) 0.210(2)
05(z) 0.380(3) 0.381(3) 0.383(4) 0.378(4) 0.381(4) 0.383(3)  0.388(3) 0.389(3) 0.390(3)
R(p) (%) 1.43 1.49 1.84 1.66 1.73 1.62 1.46 1.30 1.08
R(wp) (%) 2.42 2.55 3.13 2.80 3.02 2.82 2.65 2.44 1.94
R(F?) (%) 6.41 5.84 6.47 5.97 6.11 6.71 7.93 7.84 7.33

—Continued next page.
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TABLE 1—Continued
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P-T-Point HS349_xxx037 038 039 040 041 042 043 044 045
Pressure (GPa) 2.87 2.74 2.65 2.51 2.39 2.25 2.16 2.05 1.88
Temperature (K) 666 619 576 523 481 440 399 354 301
Space Group A2/a A2/a A2/a A2/a A2/a P2:/a P2:/a P2:/a P2:/a
a(A) 6.9915(2) 6.9926(3) 6.9915(3) 6.9929(3)  6.9950(3)  6.9982(2) 6.9990(3) 6.9984(3)  7.0014(3)
b (A) 8.6881(3) 8.6872(4) 8.6849(4) 8.6850(4) 8.6858(4) 8.6853(3) 8.6860(4) 8.6846(4) 8.6869(4)
c(A) 6.5068(3) 6.5068(3) 6.5051(3) 6.5059(3)  6.5068(3)  6.5079(3) 6.5073(3) 6.5063(3) 6.5081(3)
B () 113.492(4)  113.494(5) 113.497(5) 113.508(5) 113.516(5) 113.523(4) 113.521(4) 113.521(4) 113.533(4)
Ca(x) A A A A Ya 0.257(3) 0.254(3) 0.255(3) 0.256(3)
Cal(y) 0.1674(9) 0.168(1) 0.168(1) 0.168(1) 0.168(1) 0.917(8)  0.9172(9) 0.917(1)  0.9159(9)
Ca(z) 0 0 0 0 0 0.762(4)  0.759(4)  0.759(4)  0.762(4)
Ti(x) A A A A Yy 0.524(2) 0.524(2) 0.526(3) 0.526(2)
Ti(y) 0 0 0 0 0 0.753(2)  0.757(2)  0.759(2)  0.757(2)
Ti(z) A A A A A 0.238(3)  0.235(3)  0.236(3)  0.237(2)
Si(x) Y, Y, Y, Y, Y, 0.727(3)  0.727(4)  0.724(4)  0.723(3)
Si(y) 0.189(1) 0.191(2) 0.190(2) 0.190(2) 0.190(2) 0.936(1)  0.938(2)  0.936(2)  0.937(2)
Si(z) 0 0 0 0 0 0.758(4)  0.758(5)  0.758(5)  0.755(5)
01(x) Y, Y, Y, Y, Y, 0.783(6)  0.783(7)  0.782(7)  0.779(7)
01(y) 0.050(2) 0.059(2) 0.058(2) 0.060(2) 0.063(3) 0.807(2) 0.817(2)  0.820(2)  0.822(2)
01(z) A A Yy Yy A 0.275(6)  0.277(7)  0.274(8)  0.275(7)
02(x) 0.913(4) 0.909(5) 0.911(5) 0.910(4)
02(y) 0.819(3)  0.815(4)  0.816(4)  0.817(4)
02(z) 0.912(4)  0.909(5)  0.910(5)  0.909(5)
0O3(x) 0.908(2) 0.907(2) 0.907(2) 0.907(2) 0.908(2) 0.394(5) 0.385(6) 0.382(6) 0.377(6)
03(y) 0.066(1) 0.066(1) 0.065(2) 0.065(2) 0.065(2) 0.948(3)  0.936(4)  0.934(4)  0.931(3)
03(z) 0.175(2) 0.174(2) 0.174(2) 0.174(2) 0.174(2) 0.138(6)  0.138(7)  0.137(7)  0.134(6)
04(x) 0.912(4)  0.911(5)  0.912(5)  0.912(4)
04(y) 0.320(4)  0.317(4)  0.316(4)  0.315(4)
04(z) 0.445(4)  0.446(5)  0.447(4)  0.448(4)
O5(x) 0.386(2) 0.383(2) 0.381(2) 0.380(2) 0.379(2) 0.367(5) 0.369(6) 0.372(5) 0.374(5)
05(y) 0.210(1) 0.206(2) 0.206(2) 0.207(2) 0.206(2) 0.473(3)  0.470(3)  0.472(3)  0.469(3)
05(z) 0.398(2) 0.398(2) 0.396(2) 0.395(2) 0.393(2) 0.648(6)  0.650(7)  0.656(7)  0.659(6)
R(p) (%) 0.93 1.07 1.15 1.12 1.10 0.98 1.07 1.04 1.06
R(wp) (%) 1.63 1.92 212 2.05 2.01 1.69 1.89 1.87 1.87
R(F?) (%) 6.82 7.64 8.04 7.77 7.85 8.23 9.58 8.4 8.51
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for a given volume change than for a and c.

Even more peculiar is the behavior of the monoclinic angle
[, which shows a decrease with decreasing volume upon com-
pression, but an increase with decreasing volume due to cool-
ing. For some pseudo-isobaric and isothermal A2/a data (Fig.
4a), the effect on [ is much stronger for a pressure change of 2
GPa compared to a temperature change of 350 K. This is also
reflected if we compare B and the volume of the full A2/a data
set (Fig. 4b). The evolution of the monoclinic angle with chang-
ing volume is clearly dominated by the changing pressure.
Changes in temperature merely cause the scatter around a
straight 3 vs. V-line. This behavior cannot be explained by a
domination of the spontaneous strain on the unit-cell behavior.
This could only hold for the P2,/a-phase, whereas our obser-
vation applies also for the A2/a phase. The opposite behavior
of the titanite B-angle with changing pressure and temperature,
respectively, suggests that high-pressure data cannot always
be predicted by low temperature experiments.

STRUCTURAL EVOLUTION

The structural topology response to the externally imposed
volume change is of interest. Most of the volume change across
the pressure induced phase transition is accommodated by
changes in the Ca-O bond length (Kunz et al. 1996). This be-

E R b .

==
z &
<Ti-O> (A)

< 2.48 ﬁ
Ll

2.38 17

354 356 358 360 362 364 366 368 370
Volume (A%)

1.72

17 b

1.68
< 166
A
Q
5 184
v

1.62

1.6

1.58

354 356 358 360 362 364 366 368 370
Volume (A3)

FIGURE 5. (a) Average <Ca-O > (solid diamonds) and <Ti-O>
(crosses) bond length as a function of cell volume. Only <Ca-O>
shows a significant correlation. Its range is relatively small due to
the opposite behavior of Ca-O bonds parallel and perpendicular to
the a-axis, respectively. For the <Ti-O> bonds, no correlation within
the limits of the standard deviations is found. (b) Average <Si-O>
bond lengths as a function of temperature. There is only a weak
negative correlation to be recognized. Note that during the initial
stages of the Rietveld refinements, the Si-O bonds were soft
constrained to 1.63 A.

1471

havior is also reflected in our P-V-T data set for general changes
of volume (Fig. 5a) within the A2/a phase only. Standard de-
viations for bond lengths from Rietveld refinements of HT/HP
data are quite high (~0.02 A). Hence, a positive correlation is
evident between volume and average <Ca-O> bonds, but can-
not be resolved for the <Ti-O> and <Si-O> (Fig. 5b) bonds.
There might be a slight negative correlation between <Si-O>
bonds and volume. However, this has to be interpreted with
caution, because soft constraints were applied to the Si-O bonds
during the initial stages of the Rietveld refinement. Neverthe-
less, a closer look shows that this weak correlation could be
real. For this, it is useful to first investigate another counter-
intuitive trend: as did Kunz et al. (1996) we observe the seem-
ingly paradox trend of an opening of the Ti-O1-Ti angle (Fig.
7) with decreasing volume (Fig. 6a). This implies a straighten-
ing and thus extension of the corner-linked octahedral chain. It
also implies a significant rigid body rotation of the Ti-octahe-
dra, because the O3-Ti-O1 angle (Fig. 7) does not vary signifi-
cantly as a function of volume change (Fig. 6a). Also, the
distance between two unconnected neighboring octahedral cor-
ners (O3 in A2/a structures; Fig. 7) decreases with increasing
volume (Fig. 6b), in accord with a rigid straightening of the
octahedral chain. As shown by calculations of the phonon-den-
sity of states as a function of frequency (Hammonds et al. 1998),
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FIGURE 6. (a) Variation of the Ti-O1-Ti (solid squares) and O3-
Ti-O1 (open squares) angle (see Fig. 7) with changing cell volume.
The significant negative correlation of the Ti-O1-Ti indicates a
straightening of the TiO4 chains with decreasing volume. The only
small scatter around 90° for the O3-Ti-O1 angle and the lack of any
correlation indicate a rigid behavior of the TiO4 octahedra without
any significant intra-octahedral distortion. (b) Change of the 03-O3
distance with varying volume. The increase in O3-O3 distance with
decreasing volume indicates a straightening of the TiO4 chain with
decreasing volume and vice versa.
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FIGURE 7. Ball-and-stick model of a part of the titanite structure
illustrating the structural angles and bonds, discussed in the text.

rigid unit modes are highly unlikely in titanite. This is mainly
due to the topology of corner-linked octahedra and tetrahedra
hampering polyhedral rotations. However, an increase of the
03-03 oxygen distance (Fig. 8) implies at least an opening of
the O3-Si-O3 angle if not an increase of the Si-O3 bond dis-
tance. This suggests the paradoxical situation of a potentially
increasing Si-O bond length with decreasing unit-cell volume
as caused for example by increasing pressure. Whereas we
observe a (within uncertainties) constant Si-O bond distance
as a function of pressure, the variation of the O3-Si-O3 angle
with volume is systematic and significant with a maximal tet-
rahedral angle of around 130° at minimal volume (Fig. 8). The
distortion of the O3-Si-O3 angle thus enables the quasi-rigid
rotation of the Ti-octahedra. A similar rigid octahedral rotation
has previously been observed in malayaite (Bismayer et al.
1999) and, on the basis of the toplogical identity of the struc-
tures, was also postulated for titanite, and confirmed here.
The negative correlation between volume and Ti-O1-Ti
angle can now be addressed. Due to the overall positive corre-
lation between the a-axis and volume, the stretching of the Ti-
octahedral chain has to be accompanied by a shortening of the
a-axis to which the chains are parallel. This means that the
opening of the Ti-O1-Ti angle has to be overcompensated by a
corresponding shortening of the average <Ti-O1> bonds and
vice versa. We assume the driving force behind the stretching
of the octahedral chains to be the compression of the Ca poly-
hedra. As suggested by Kunz et al. (1996) and Angel et al.
(1999a), it is the soft CaO; polyhedra, which dominate the com-
pression behavior of titanite. The Ca atoms share among oth-
ers two O3-O1 edges with the TiOg¢ octahedra (Fig. 7). The
Ca-03 bonds to the shared edges are relatively long (~2.6-2.7
A) and are thus very effectively compressed in terms of energy
needed for a given shortening. A compression of the Ca-O3
bond thus pulls the two O3 oxygen atoms together and by this
way straightens the octahedral chains in the absence of any
intra-octahedral distortions. This also should lead to a length-
ening of the Ca-O1 bond with decreasing volume, as observed.
In summary, the long bond lengths of the soft CaO, polyhe-
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FIGURE 8. Variation of the intra-tetrahedral O3-Si-O3 angle with
changing volume. There is strong negative correlation demonstrating
that the rigid rotation of the TiO4 octahedra is compensated by a
tetrahedral angular distortion.

dron are easiest to accommodate any temperature or pressure
driven volume change even on the cost of a negative correla-
tion of Ca-O1 with cell volume. The TiO4-SiO, polyhedral
framework adjusts by rigid rotations of the TiO4 octahedra to-
gether with a twisting of 03-Si-O3 angles and possibly even
lengthening of the <Si-O> bonds.
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