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High-pressure single-crystal X-ray diffraction study of katoite hydrogarnet: Evidencefor a
phase transition from la3d —143d symmetry at 5 GPa
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ABSTRACT

The crystal structure of katoite hydrogarnet has been refined at 0.0001, 2.15, 4.21, 5.09, 6.00,
7.09, and 7.78 GPa from single-crystal X-ray diffraction data using a 4:1 methanol:ethanol mixture
as pressure medium in aMerrill-Bassett diamond-anvil cell. Below ~5 GPa, the katoite structure has
la3d symmetry and compresses by bond shortening rather than bond bending, in agreement with
recent quantum mechanical calculations. An unconstrained third-order Birch-Murnaghan fit to the
unit-cell volumes and pressures for 1a3d symmetry gave the following equation of state parameters:
V, = 1987.6(1) A3, K, = 58(1) GPaand K' = 4.0(7). Above this pressure, the structure undergoes a
phase transition to space group 143d, a non-centric subgroup of 1a3d. In the 143d structure, there are
two non-equivalent (O,H,) groups. Both the Ca and Al atoms are displaced along a relative to their
positions in la3d. It is proposed that compression of the short H-H distance between (O,H,) groups
destabilizes the structure and may initiate the observed phase transition. Corroboration of this model will
require accurate information on the hydrogen atom positions at pressures above 5 GPa

INTRODUCTION

Katoite garnet [CasAl,(O,4H,)4], the Si-free end-member of
the hydrogrossular solid-solution series, has received consid-
erable attention in the literature because it is a model for the
incorporation of OH in silicate garnetsthat occur inthe Earth’s
crust and mantle (Lager et al. 1987). The structure and bulk
modulus of this garnet (1a3d symmetry) has recently been de-
termined to 70 GPausing ab initio quantum mechanical calcu-
lations (Nobes et al. 2000a, 2000b). It was proposed that bond
shortening, as opposed to bond bending, was the primary
mechanism of compression. Thisconclusion wasbased, in part,
on the relative change in the tetrahedral-octahedral rotation
angle, which shows only a small variation with pressure. The
calculated trend is in agreement with neutron powder diffrac-
tion results (Lager and Von Dreele 1996) below 4 GPa but dif-
fers in both sign and magnitude from neutron data at higher
pressures. If fluorinert is used as the pressure-transmitting
medium, it is well known that deviatoric stress in the neutron
diffraction experiment can cause significant strain broadening
of Bragg reflections and |oss of resolution above ~2-3 GPa. In
this study, single-crystal X-ray diffraction data were collected
to 7.78 GPato re-examine the compression mechanism based
on the neutron data and evaluate the discrepancy between the
neutron and theoretical results.

EXPERIMENTAL METHODS

The katoite single crystals were synthesized in a Teflon-
lined Parr vessel (~80% filled with H,O) using a stoi chiomet-
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ric mixture of Al fail (in the form of strips) (Aldrich 35,685-0,
0.05 mm thick, 99.8%) and reagent-grade lime (CaO). After
seven days at 423 K, this method produced relatively large
singlecrystals (up to 800 um) in amatrix of fine-grained mate-
rial (<10 um).

A crystal fragment with dimensions 120 x 100 x 50 um was
first examined in air outside the diamond-anvil cell on aPicker
automated four-circlediffractometer (45kV; 40 mA; unfiltered,
non-monochromatic MoKao radiation). Reflection profiles (o
scans) were sharp (FWHM = 0.08°) with no indication of twin-
ning. A small subset of reflections, e.g., (400), showed signifi-
cant thermal diffuse scattering. Intensity datawere collected in
air assuming space group symmetry la3d and the structure was
refined using RFINE4 (Finger and Prince 1975). The unit-cell
parameter and atomic coordinates were consistent with the
single-crystal X-ray results of Lager et al. (1987) and are not
reported in this study.

High-pressure experiments were carried out using a 4-pin
Merrill-Bassett diamond-anvil cell with 600 um culets. The
crystal was mounted in a 350 um diameter sample hole drilled
into an Inconel steel gasket (250 um thickness; preindented to
100 um) with an electrostatic discharge machine. A 4:1
methanol:ethanol mixture was used as pressure-transmitting
medium. The pressure was determined from the shift in the
fluorescence lines of asmall ruby chip mounted in the sample
hole. The R, and R, peaks at each pressure were fit with
Lorentzian functions; pressure was calculated using the rela-
tionship given by Mao et a. (1978). Errorsin the pressure are
estimated to be +0.05 GPa.

Unit-cell parameters at ten pressures up to 7.78 GPa were
determined from | east-squares refinement of 25 reflections (8°
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< 260 £ 48°) using an eight-reflection centering technique (King
and Finger 1979) (Table 1). Generally, in a high-pressure ex-
periment, afull sphere of intensity datais collected because of
the limited number of reflections accessible through the dia-
mond-anvil cell. However, given the large unit cell of garnet
(>3000 reflections), this is impractical because of the
diffractometer time required. Hazen and Finger (1989) previ-
ously tried to address this problem in their study of andradite
and pyrope by including in the data set only those reflections
that strongly influenced the variation in structural parameters
(leverage analysis). Thismethod requiresfew high-quality data,
and may not be feasible with the diamond-anvil cell because of
restricted accessto reciprocal space and systematic absorption
problems [see, for example, Merli et al. (2000) and references
therein]. In this study, a new approach was used. First, all ac-
cessiblereflectionswere ordered into equival ence classes. Sev-
eral symmetry equivalent reflections (usually four) with the
lowest diamond-anvil cell absorption were then chosen from
each class and used as input to the data-collection routine. In
the fixed-¢6 mode that is typically used for single-crystal dif-
fraction experiments at high pressures (Angel et al. 2000), the
reflectionswith the smallest || valueswill suffer from theleast
amount of diamond cell absorption.

Intensity data were collected with o scans to siné/A = 0.7
A-1[26 < 60°] at seven pressures up to 7.78 GPa. Scan width,
step size and counting time were 1°, 0.025°, and 6s per step,
respectively. Each peak was integrated with backgrounds de-
termined by fits to Gaussian functions. Data were corrected
for the effects of diamond-anvil cell absorption; symmetry-
equivalent reflections were averaged and converted to struc-
ture factors using in-house software modified from the suite of
programs used at the Geophysical Laboratory. Refinements
were carried out with RFINE4. Structure factors were weighted
by [0%¢ + (pF)7 ™, where 6 was obtained from counting statis-
tics and p was chosen to ensure that the errors were normally
distributed. It was possible to locate the hydrogen atom in the
la3d structure and refine its position at high pressure. How-
ever, the O-H vector exhibited a significant and non-system-
atic rotation with pressure, which is chemically unreasonable.
As aresult, atomic fractional coordinates and anisotropic dis-
placement parameters were refined for all atoms except hydro-
gen, which was omitted from the refinement models. All
refinements below 6.0 GPa converged to weighted R values
between 0.020 and 0.034 in space group 1a3d. However, the
refinement at 6 GPa resulted in a significantly higher R value
(R, =0.078). In addition, the Ca displacement ellipsoid at this
pressure became highly anisotropic with the major axis paral-

TABLE 1. Unit-cell parameter and volume for katoite at pressure

P(GPa) a(A) V(R

0.0001 12.5731(2) 1987.6(1)
1.24(5) 12.4866(3) 1946.8(1)
2.15(5) 12.4286(3) 1919.8(1)
3.08(5) 12.3719(3) 1893.7(1)
4.21(5) 12.3094(3) 1865.2(1)
5.09(5) 12.2595(3) 1842.5(1)
5.38(5) 12.2442(3) 1835.6(1)
6.00(5) 12.2145(2) 1822.3(1)
7.09(5) 12.1623(4) 1799.0(2)
7.78(5) 12.1267(3) 1783.3(1)
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lel to a. A search for al reflections [h, k, | > 0] violating 1a3d
symmetry revealed weak reflections of the type hkO with h #
2n, indicating loss of the a glide. Multiple diffraction effects
were discounted based on the results from y scans. Uncon-
strained unit-cell refinement showed no deviation from cubic
geometry. On decompression of the cell to 5.38 GPa, the same
hkO reflections were observed but their intensities were sig-
nificantly weaker (Fig. 1). The pressure was then lowered to
3.08 GPa, and the unit-cell parameter was determined. Reflec-
tions violating la3d symmetry were not found (Fig. 1). Based
onthequality of therefinement at 5.09 GPa, the transition pres-
sureis assumed to lie between 5.09 and 5.38 GPa.

The structures at 6.00, 7.09, and 7.78 GPa were refined in
space group 143d, a non-centric subgroup of 1a3d. Refinement
of these structures in l1a3d resulted in systematically high R
values (~0.10). In space group 143d, the Ca and Al atoms oc-
cupy positions [x, 0, 1/4] and [x, X, X], respectively. There are
two non-equivalent O and H positions, i.e., two non-equiva-
lent (O,H,) units. The strong pseudosymmetry above the tran-
sition pressure resulted in high correlations (p ~ 0.75) between
the fractional coordinates of the two O atoms and between f3,,
and B,; of the Ca atom. Attempts to decouple the O positions,
e.g., by randomly offsetting the coordinates, or by alternately
refining the two positions, were not successful. Refinement
results, atomic fractional coordinates, and displacement param-
etersaregivenin Tables 2 and 3. Selected interatomic distances
and angles, polyhedral volumes, and distortion parameters are
presented in Tables 4 and 5.

RESULTS AND DISCUSSION

Hydrogar net structure

The general formula of hydrogarnet can be represented as
BIX,EY ,(S10,)5.(O,H,),, Where the superscripts in brackets
refer to the O coordination of the three types of cationsin the
structure. The O coordination of the X site can be defined asa
triangular dodecahedron (distorted cube) that sharestwo edges
with tetrahedra, four with octahedra (Y site), and four with other
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FIGURE 1. Variationin theintensity profiles of the (710) reflection
asafunction of pressure. Profilesrepresent  scansof 1° width, 0.025°
step size and 6 s per step counting time.
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TABLE 2. Refinement conditions and atom parameters for katoite
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TABLE 4. Selected interatomic distances and angles for katoite in

in /a3d /a3d
P(GPa) 0.0001 2.15(5) 4.21(5)  5.09(5) 6.00(5) P(GPa) 0.0001 2.15(5) 4.21(5) 5.09(5)
R, 0.032 0.034 0.024 0.018 0.078 Cal-01 2.462(3) 2.434(3) 2.417(3) 2.410(3)
P 0.011 0.010 0.0 0.0 0.065 Ca2-04 2.520(3) 2.482(3) 2.463(2) 2.455(3)
X 1.13 1.19 1.14 1.17 1.09 Mean 2.491 2.459 2.440 2.429
No. obs. 250 250 250 248 247 V(CaOg) 25.96 24.97 24.41 24.22
Al-O 1.914(3) 1.906(3) 1.895(2) 1.896(2)

Cap(1,1) 0.0021(1) 0.0021(1) 0.0027(1) 0.0034(1) 0.0040(1) 01--04 2.599(5) 2.587(5) 2.583(4) 2.593(3)
Cap(2,2) 0.00151(7) 0.00125(7) 0.00148(6) 0.00163(6) 0.0015(1) 01--05 2.813(6) 2.801(6) 2.772(4) 2.767(5)
CaB(2,3) 0.0000(1) 0.0001(1) 0.0002(1) —0.0001(1) —0.0004(1) V(AIOg) 9.28 9.15 9.00 9.03
B, 1.09(3)  0.95(3)  1.14(2)  1.33(3) 1.41(6) Angle Var.* 22.47 22.59 17.84 14.85
AIB(1,1) 0.00138(7) 0.00133(7) 0.00144(6) 0.00172(7) 0.0019(2) -0t 1.952(3) 1.922(3) 1.893(3) 1.873(2)
Al B(1,2) —0.0000(1) 0.0001(1) 0.0000(1) 0.0001(1) 0.0002(2) 01--02 3.057(6) 3.013(6) 2.974(5) 2.945(4)
Beo 0.88(2) 0.82(2)  0.87(1)  1.03(1) 1.13(3) 01--03 3.250(5) 3.201(5) 3.147(4) 3.114(4)
ox 0.0285(2) 0.0289(2) 0.0299(2) 0.0306(2) 0.0310(4) Angle Var.* 24.67 24.21 21.22 20.50

1% 0.0522(2) 0.0530(2) 0.0529(2) 0.0528(2) 0.0527(4) V(dOy) 3.78 3.61 3.45 3.35

z 0.6402(3) 0.6410(2) 0.6414(2) 0.6421(2) 0.6423(4) 2-0-Al 130.7(2) 130.3(2) 130.6(1) 130.8(2)
p(1,1)  0.0026(3) 0.0023(3) 0.0025(2) 0.0028(3) 0.0026(4) * Bond angle variance as defined by Robinson et al. (1971).
B(2.2) 0.0020(2) 0.0022(2) 0.0019(2) 0.0023(2) 0.0022(4) t dis Wyckoff notation for the position with point symmetry 4 in space
B(3,3)  0.0016(2) 0.0013(2) 0.0016(2) 0.0020(2) 0.0019(4) group /234 (occupied by Si at [3/8,0,1/4] in silicate garnets).
B(1,2) —0.0001(2) —0.0004(2) —0.0003(1) —0.0003(1) —0.0005(3)
B(1,3)  0.0001(2) —0.0001(1) —0.0002(1) —0.0005(1) 0.0002(3)
B(2,3)  —0.0002(2) —0.0002(2) —0.0003(1) —0.0003(2) —0.0004(3)
B, 1.31(7)  1.20(6)  1.21(5)  1.41(6) 1.4(1)

Note: The Ca atom is located at [1/8, 0, 1/4], with B(3,3) = B(2,2), B(1,2)
= B(1,3) = 0; the Al atom is located at [0, O, 0], with B(1,1) = B(2,2) =
B(3.3), B(1,2) = B(1.,3) = B(2.3).

TABLE 3. Refinement conditions and atom parameters for katoite

in/43d
P(GPa)  6.00(5) 7.09(5) 7.78(5)
Ry 0.050 0.023 0.021
P 0.030 0.0 0.010
X 1.15 1.12 1.06
No.obs. 495 478 474
Cax 0.1342(3) 0.1354(3) 0.1370(2)
Caf(1,1) 0.0022(2) 0.0022(2) 0.0016(2)
Cap(2,2) 0.0012(2) 0.0015(2) 0.0014(2)
Ccap(3,3) 0.0019(2) 0.0016(2) 0.0015(2)
Ca B(2,3) —0.0000(1) 0.0004(1) 0.0004(1)
Bs, 1.08(4) 1.03(4) 0.88(4)
Al x 0.0024(4) 0.0039(3) 0.0032(3)
AlB(1,1) 0.00163(8) 0.00118(8) 0.00127(7)
AlB(1,2) —0.0000(1) —0.0003(1) —-0.0001(1)
Be, 0.97(2) 0.70(2) 0.75(1)
o1 x 0.0339(6) 0.0340(5) 0.0356(5)
y 0.0510(8) 0.0533(5) 0.0528(5)
z 0.6381(8) 0.6386(5) 0.6388(5)
B(1,1) 0.0012(5) 0.0023(4) 0.0021(4)
B(2,2) 0.0029(6) 0.0013(4) 0.0016(4)
B(3,3) 0.0018(6) 0.0013(5) 0.0014(5)
B(1,2)  -0.0005(4) —0.0001(4) —0.0007(3)
B(1,3) 0.0005(4) —0.0008(4) 0.0002(3)
B(2,3) 0.0001(4) 0.0004(3) 0.0002(3)
B 1.2(1) 1.0(1) 1.0(1)
02 x 0.1465(9) 0.1468(6) 0.1476(5)
y 0.9717(7) 0.9719(6) 0.9732(5)
z 0.0536(7) 0.0518(6) 0.0538(5)
B(1,1) 0.0018(5) 0.0014(5) 0.0017(4)
B(2,2) 0.0044(7) 0.0029(5) 0.0027(5)
B(3,3) 0.0016(6) 0.0030(4) 0.0019(4)
B(1,2) 0.0003(5) —0.0009(4) 0.0001(4)
B(1,3)  —0.0006(4) —0.0004(4) —0.0008(3)
B(2,3) 0.0001(5) —0.0003(4) —0.0002(4)
Bs, 1.6(2) 1.4(1) 1.2(1)

Note: The Ca atom is located at [x; 0, 1/4], with B(1,2) = B(1,3) = 0; Al is
located at [x, x, x], with B(1,1) = B(2,2) = B(3,3), B(1,2) = B(1,3) = B(2,3).

dodecahedra. The dodecahedral cavities are located within a
framework composed of corner sharing octahedra and tetrahe-
dra (Novak and Gibbs 1971). When Si does not occupy the
tetrahedron, each O atom surrounding the vacancy is bonded

TABLE 5. Selected interatomic distances and angles for katoite in

/43d
P (GPa) 6.00(5) 7.09(5) 7.78(5)
Cal-O4a 2.366(9) 2.350(8) 2.340(7)
Cal-O4b 2.443(9) 2.434(7) 2.432(6)
Ca2-O4a 2.428(9) 2.438(7) 2.405(6)
Ca2-0O4b 2.481(10) 2.445(8) 2.450(7)
Mean 2.430 2.417 2.407
V(CaOg) 24.11 23.74 23.42
Al-O1 1.877(9) 1.873(7) 1.891(7)
Al-02 1.905(10) 1.904(6) 1.892(6)
Mean 1.891 1.888 1.892
01--04 2.573(17) 2.571(10) 2.590(11)
01--05 2.730(10) 2.709(7) 2.720(7)
V(AIOg) 8.96 8.92 8.97
Angle Var* 12.53 15.76 15.08
-0t 1.869(10) 1.866(6) 1.845(7)
Ola--0O2a 3.004(22) 3.004(11) 2.986(13)
Ola--O3a 3.077(16) 3.068(10) 3.026(11)
V(d0y) 3.35 3.33 3.22
Angle Var* 3.88 3.04 1.27
a-0O-Al 132.5(6) 130.4(3) 131.5(3)
a2-0 1.850 1.833(7) 1.840(7)
O1b--O2b 2.847(22) 2.809(14) 2.805(14)
O1b--O3b 3.104(17) 3.082(13) 3.100(12)
V(d0y) 3.19 3.10 3.12
Angle Var*  48.05 55.42 63.44
a-0O-Al 129.9(5) 131.4(4) 129.4(3)

* Bond angle variance as defined by Robinson et al. (1971). _

T dis Wyckoff notation for the position with point symmetry 4 in space
group /a3d (occupied by Si in silicate garnets); 1 and &2 are located
at [3/8,0,1/4] and [3/4,5/8,0], respectively, in space group /434,

to an H atom. In space group la3d, the hydrogarnet structureis
uniquely defined by the fractional coordinates of the O and H
atoms and by the unit-cell parameter. The cation positions are
fixed by symmetry. As noted above, there are two non-equiva-
lent O and H positions and two non-equivalent (O,H,) tetrahe-
drain space group 143d. One tetrahedron is quite regular (d1)
whereas the other is distorted (d2) (Table 5). Just above the
transition pressurethe Caatomisdisplaced by 0.112 A along a
in the direction of d1, which has the longer shared edge (Table
5). The Al atomisalso displaced relativetoits positionin la3d
and moves 0.051 A along the threefold axis.
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Bulk modulus

An unconstrained third-order Birch-Murnaghan fit to the
unit-cell volumes and pressures for l1a3d symmetry gave the
following equation of state parameters: V, = 1987.6(1) A3, K, =
58(1) GPa, and K ' = 4.0(7) (Table 1; Fig. 2). This value of the
bulk moduluslies between the experimental data of Olijnyk et
al. (1991) [K, = 66(4) GPa] and Lager and Von Dreele (1996)
[K, =52(1) GPa] and is within two estimated standard devia-
tions of the theoretical value calculated by Nobeset al. (20003,
2000b) [K, = 56.2(1.2) GPa] (Fig. 2). The unit-cell volumes
calculated from the quantum mechanical model are systemati-
cally higher (~1-2%) than those observed experimentally, as
shown in Figure 2.

In the Olijnyk et al. (1991) study to 42 GPa, K, was deter-
mined using pressure media (al cohol, nitrogen) that freeze and
become non-hydrostatic above 10 GPa. In addition, the unit-
cell parameter was cal culated from only four reflectionsfit with
pure Gaussian profiles. The bulk modulus determined by La-
ger and Von Dreele (1996) should, in principle, be more accu-
rate than the X-ray powder value because it was derived from
afit to the whole neutron powder spectrum using the Rietveld
method; however, as discussed by these authors, neutron pow-
der data can also be affected by deviatoric stress. The K, value
in this study was determined from data below 6 GPa and ex-
trapolated to higher pressure, asindicated by the dashed linein
Figure 2. An examination of Figure 2 shows that there is no
apparent volume discontinuity at the transition pressure. If the
bulk modulusis computed based on the complete pressure-vol-
ume (PV) datain Table 1, then V, = 1987.6(1) A3, K, = 57.9(7)
GPa, and K' = 4.0(3).

Variation in structural parametersat high pressure

Below the phase transition, the largest variations in the O
atom positional parameters are observed in the x and z coordi-
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FIGURE 2. Comparison of the pressure dependence of the unit-
cell volume for the X-ray powder data (Olijnyk et al. 1991), neutron
powder data (Lager and Von Dreele 1996), and the single-crystal X-
ray data determined in this study (solid circles). The solid curve
represents the fit to the PV data for 1a3d katoite [K, = 58(1) GPa and
K” = 4.0(7)]. The dashed line has been extrapolated from this fit.
Unit-cell volumes calculated by Nobes et al. (2000a, 2000b) are
represented by open circles.
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nates. The y coordinate, which is related to rigid body rota-
tions of the octahedra and tetrahedra, remains relatively con-
stant. In fact, there is no significant change in the tetrahedral-
octahedral (d-O-Al) angle indicating that bond bending is not
an important compression mechanism in la3d katoite (Table
4), in agreement with the theoretical results (Nobeset al. 2000a,
2000b). The neutron powder data (L ager and Von Dreele 1996)
show a similar variation over this low-pressure range. This
behavior isin contrast to that observed in silicate garnets py-
rope and grossular, where the Si-O-Al angle variesin response
to changesin the tilt and distortion of the tetrahedra and octa-
hedra (Hazen and Finger 1989; Zhang et al. 1998). Above 6
GPa, it is difficult to make comparisons among these studies
because the phase transition was not observed in the neutron
data and the theoretical calculation assumed la3d symmetry.

The pressure dependence of the polyhedral volumes is
shown in Figure 3. Polyhedral bulk moduli are generally con-
sistent with those determined in the neutron powder (Lager and
Von Dreele 1996) and theoretical studies (Nobes et al. 2000a,
2000b). Based on PV data below the transition, K, values de-
creasein the order AlO; [K, = 153(2) GPa; K ' = 4] > CaOg [K,
=61(2); K'=4] > O,H, [K,=35(2); K'=4]. Asnoted in these
previous studies, the bulk modulus of the Ca dodecahedron is
approximately equal to the bulk modulus of the crystal. The
lower bulk modulus of katoite relative to that observed in sili-
cate garnets (e.g., for grossular, K, = 175(1); Zhang et al. 1999)
can be attributed primarily to the higher compressibilities of
the Ca dodecahedron and (O,H,) tetrahedron. The quantum
mechanical study predicts a stiffer Al octahedron (196 GPa)
and asofter (O,H,) tetrahedron (19 GPa) relative to the experi-
mental studies. The theoretical value for the bulk modulus of
the Al octahedron is similar to that observed in pyrope (211
GPa; Zhang et al. 1998) and grossular (220 GPa; Hazen and
Finger 1978).

A close examination of the variations in interatomic dis-
tances and angles with pressure does not reveal an obvious
mechanism for the phasetransition, i.e., no unredlistically short
bond distances or polyhedral distortions develop at pressure.
Unfortunately, the X-ray refinements provided limited infor-
mation on the hydrogen atoms, which likely play apivotal role
in the transition.

Re-examination of the neutron powder diffraction results

In the high-pressure neutron study, Lager and Von Dreele
(1996) observed a significant compression of the O-D bond
length, which is inconsistent with results from spectroscopic
measurements (Knittle et al. 1992) and ab initio calculations
(Nobes et al. 20003, 2000b). Both of these studies suggest that
the O-H(D) bond remains essentially constant in length over
the pressure range examined in the neutron experiment. If one
considers the neutron data up to 6.1 GPa, the O-D bond length
decreases from 0.906(2) A at ambient pressure to 0.862(15) A
at 6.1 GPa. Lager and Von Dreele (1996) proposed that the
shortening of the O-D bond could be related to D-D repulsion
between adjacent OD groups in the (O,D,) tetrahedron as the
O---O distances compress. The D-D distance in katoite, which
isless than the sum of the van der Waalsradii of H at ambient
pressure [1.956(2)], decreases to 1.76(3) A at 6.1 GPa (Lager
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FIGURE 3. Plots of the AlO; (@), CaOg (b), and O4H, (c) polyhedral
volumes vs. pressure for katoite. Solid circles represent values from
la3d structure; open circles represent 143d. In the case of the
tetrahedral volume, open circles represent the average value. Solid
lines represent best fits meant to aid the eye.

and Von Dreele 1996).

The short D-D distancein the (O,D,) tetrahedron in katoite
at ambient pressure (Lager et al. 1987) ishighlighted in Figure
4. It can be seen that the displacement of the D atomisstrongly
anisotropic with the largest amplitude oriented approximately
perpendicular to the O-D bond and toward the inside of the
tetrahedron. All four D atoms vibrate into the tetrahedron, thus
requiring a highly correlated motion, which is consistent with
the thermal diffuse scattering observed throughout the pres-
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sure range of this study. The smallest displacement amplitude
of the D atom is parallel to the O-D bond and is approximately
equal to the amplitude of the O atom in the same direction.
Therefore, the riding model (Busing and Levy 1964) can be
used to describe the correlated thermal motion of the O and D
atoms. Application of the simple riding model (Downs et al.
1992) to the O-D bond length in katoite at ambient pressure
yields a corrected distance of 0.94 A, avalue that is in better
agreement with the mean O-D distance[0.969(1) A; Ceccarelli
et a. 1981] determined from numerous neutron diffraction stud-
ies. Neutron dataat T = 100 and 200 K (Lager et al. 1987) are
al so consistent with the riding model, thus establishing that the
displacement factors of the D atomsin katoite reflect true ther-
mal motion and not static disorder.

Anisotropic displacement parameters were not determined
for the high-pressure neutron data; however, the sample used
in that experiment was exactly the same asin the low-tempera-
ture study. Therefore, it is assumed that the riding model can
be applied to the high-pressure data. Although anisotropic dis-
placement parameters are needed to establish the validity of
the riding model, the correction can be computed with isotro-
pic parameters using the simple riding model that was devel-
oped by Downs et al. (1992). The displacement parameters of
D inthe high-pressure neutron study increase from B, = 3.1(5)
A2 at ambient pressure to B, = 4.2(6) A2 at 6.1 GPa. Applica-
tion of this simple riding model uniformly produces corrected
O-D bond distances of 0.94 A, suggesting that the apparent
shortening of the O-D distance in this pressure range may be
due only to the effects of thermal motion. Theincrease in ther-
mal amplitudes of D with pressure is consistent with, and may
be caused by, the decrease in the tetrahedral volume at high
pressure.

Figure5illustratestwo adjacent (O,D,) tetrahedrain katoite

FIGURE 4. Structure drawing of O,D, tetrahedron at 295 K and
ambient pressure based on the neutron powder data of Lager et al.
(1987). Displacement ellipsoids of O and D are drawn at 99.99%
probability. Note that the equal amplitudes of O and D along the O-D
vector satisfy the riding model criterion and that the vibrations of the
D atoms penetrate the tetrahedron.
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at ambient pressure. The size of the D displacement ellipsoids
has been drawn at 99.99% probability to show the orientations
of the ellipsoids in the short, inter-polyhedral D-D distance.
Note that the displacement ellipsoids point toward one another
producing an overlap, which is not observed within the tetra-
hedron (Fig. 4). Thetetrahedraillustrated in Figure 5 are sym-
metry equivalent in space group la3d; however, they become
non-equivalent in 143d. It is proposed that compression of this
short D-D distance at high pressure may destabilize the struc-
ture and initiate the phase transition from 1a3d to 143d. The
inter-polyhedral D-D distance becomes shorter than the intra-
polyhedral distance at about 5 GPain the ab initio study but
remains relatively constant with pressure in the neutron study
(~2 A). Without accurate positions for H above the transition
pressure, however, it is difficult to corroborate this model.
There were no violations of space group symmetry la3d
observed above 5 GPain the neutron powder spectra. Thiscould
be dueto the peak broadening at high pressures, and to the fact
that all (hk0) peaksthat established 143d symmetry overlap with
peaks found in 1a3d. Nevertheless, based on the results of this
study, an attempt was madeto refine the neutron structure above
5 GPain space group 143d. The refinement was initiated with
the X-ray positions for the non-D atoms. One deuterium posi-
tion (D1) should be similar to that determined by Lager et al.
(1987); the starting value for second position (D2) was deter-
mined from the list of 96 sites possible in space group la3d
after excluding all symmetry equivalent positions of D1. The
refinement was ill-behaved and did not converge when all

FIGURE 5. Structure drawing of adjacent O,D, tetrahedraand CaOg
group at 295 K and ambient pressure based on the neutron powder
data of Lager et a. (1987). Displacement ellipsoids are drawn at
99.99% probability. Note that the displacement ellipsoids of the D
atomsoverlap. Itisproposed that this overlap destabilizes the structure
at high pressure and may initiate the observed phase transition.
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atomic coordinates were varied simultaneously. Because strain
broadening of the neutron spectrum becomes appreciable near
the transition pressure, the quality of the neutron powder data
is probably not adequate to resolve the small differences be-
tween refinement models.
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