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Ansrnlcr

Single crystals of MnSio, tetragonal garnet have been grown at 1500.c and about 12.0

INrnonucrroN

The silicate garnets commonly occurring as rock-form-
ing minerals have a cubic symmetry (space group, Ia3d).
However, silicate garnets of the grossular-andradite series
sometimes show optical birefringence. Recently Tak6uchi
et al. ( I 98 I ) showed by single-crystal X-ray structure anal-
yses that these birefringent garnets have an orthorhombic
@dd[ or ticlinic (1I) structure due to cation ordering in
the octahedral positions.

Another type of noncubic gamet (I4r/a) is known in
high-pressure phases of CdGeO, and CaGeO, (Ringwood
and Major, 1967; Prewitt and Sleight, 1969). Ringwood
and Major (1967) first suggested that the high-pressure
phase of MnSiO, also had a noncubic garnet structure,
just the same as those of CdGeO, and CaGeOr. Later
Akimoto and Syono (1972) were successful in indexing
the powder X-ray diffraction peaks of this noncubic phase
ofMnSiO, with a tetragonal unit-cell analogous to CdGeOr.

In the present study, we have grown single crystals of
MnSiO, tetragonal garnet sufficiently large enough for sin-
gle-crystal X-ray structure analysis for the first time and
have carried out the X-ray structure analysis. This paper
reports the detailed structure of this MnSiO, noncubic
garnet and its crystal chemical properties in comparison
with those of the other polymorphs of MnSiOr.

ExpnmuBNTAL pRocEDURE

High-pressure growth of single crystat
Akimoto and Syono (1972) reported the polymorphic phase

transformations in MnSiO, with increasing pressure: rhodonite,
pyroxmangite, clinopyroxene, and tetragonal garnet. The trans_
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formation from clinopyroxene to tetragonal garnet was reported
to take place at about 12.5 GPa at 1000C.

In the present study, single crystals ofMnSiO3 tetragonal gamet
have been grown from powdered MnSiO, rhodonite by means
of an MA8-type high-pressure and high-temperature apparatus
at Nagoya University. Our initial trial of growing single crystals
was made at 1500"C and about 15.0 GPa and resulted in fine-
grained powder. The pressures oftrial runs were lowered grad-
ually, and finally we could obtain single crystals as large as 100
pm by 30-min runs at 1500€ and about 12.0 GPa. which is
close to the phase boundary between the tetragonal garnet and
the lower-pressure clinopyroxene. It is very important to keep
the raw material at pressures and temperatures very close to the
phase boundary for growing large single crystals by solid-state
recrystallization. The synthesized single crystals were transpar-
ent, colorless to pale orange, and optically biaxial.

Refinement of the shucture

Electron-microprobe analyses showed that the synthesized
crystals have a homogeneous stoichiometric MnSiO, composi-
tion. A spherically ground crystal 79 pm in diameter was prepared
from one ofthe synthesized grains and was subjected to the single-
crystal X-ray structure analysis. Preliminary precession photo-
graphs revealed the ditrraction symmetry consistent with space
grorp l4la.lntensity data were collected by Rigaku AFC-5 four-
circle automated diftactometer set on the rotating anode X-ray
generator (operatingconditions: I 60 mA, 50 kV), using the graph-
ite-monochromatizedMoKqradiation (), : 0.71069 A). The cell
dimensions were determined by the least-squares method using
2d values of25 reflections on the four-circle diffractometer. The
crystal and intensity data are listed in Table l.

In order to show the deviation of the difraction symmetry
from cubic symmetry, the intensity distribution of a set of 4g
reflections of {246} -which should be equivalent for a cubic gar-
net-is illustrated in Figure l. The diftaction intensities were
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Table l. Crystal and intensity data for MnSiO, tetragonal
garnet
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Table 2. Atomic coordinates and anisotropic thermal factors (x 105) for MnSiO, tetragonal g.lrnet
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Table 3. Interatomic distances, angles, and estimated standard errors for MnSiO, tetragonal garnet
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corrected for Lorentz and polarization effects and absorption
factors. The intensities greater than 3o (1.) were used for srrucrure
refinement. The atomic scattering factors of the fully ionized
atoms were used for refinements (Mn2+ and Sio* from Interna-
tional Tables for X-ray Crystallograph.y, volume lll, 1962, and,
O':- from Tokonami, 1965). The anomalous dispersion terms
were also included in the refnements. The fiilI-matrix leasr-squares
refinement was made by the program LrNUs (Coppens and Ham-
ilton, 1970) so as to minimize the residual factor

)  ( tF ' "1  -  t4 t ) r .
At the initial stage of the refinement, Mn and Si atoms were

fixed to the different octahedral sites, respectively, and the po-

sitional and thermal pilameters were refined using the atomic
parameters for CdGeO3 of Prewitt and Sleight (1969) as initial
pnrameters. The isotropic extinction factor was also included in
the refinement. At the final stage, the occupancy factors of the
atoms at octahedral sites lvere also varied simultaneously with
other parameters under the constraint of the given bulk com-
position. The final R value and weighted (unit weight) R value
are 0.052 and 0.050, respectively, for 1206 independent reflec-
tions. Final atomic parameters are listed in Table 2.In Table 2,
the origin of I4r/a is shifted by t/z,tA,th from that givenin Inter-
national Tables for X-ray Crystallography, voltme I (1952) to
set the symmetry elements of I4r/a in a manner similar to those
for la3d. Interatomic distances, angles, and estimated standard
errors were calculated with the program oRFFE ofBusing et al.
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the two kinds of octahedral cations. If the difference is
small, as for Fe and Al in the grandite series, the Fddd or
11 structure with partial ordering of octahedral cations is
favored, whereas the l4r/a structure with perfect ordering
is favored when the difference in ionic radii is large, as
for Mn and Si in the present case.

The mean cation{xygen distances in Table 3 are nearly
equal to the predicted values on the basis ofeffective ionic
radii of Shannon and Prewitt (1969), except for the Ocl
octahedron. The mean M-O distance of the Ocl octa-
hedron is 2.147 A, whereas the predicted one is 2.21 A.
The same difference is also seen in CdGeO, (Prewitt and
Sleight, 1969).

The Si octahedron is regular in shape: all the Si-O dis-
tances of the octahedron are between 1.76 and 1.82 A'
and the GSi-O angles fall between 88.7' and 92.8'.
Another characteristic of this Si octahedron is that the
mean value (2.568 A) of the shared 04 distances is larger
than that (2.509 A) of the unshared ones, as seen some-
times in the high-pressure phase, in contrast to the struc-
tural features seen commonly in the phases stable under
atmospheric pressure.

The pressure-induced structural changes between
MnSiO, polymorphs are a crystallochemically interesting
problem. Figure 2 shows the variation ofthe mean cation-
oxygen distances of the ditrerent coordination-polyhedra
among four polymorphs of MnSiO, (Narita et al., 1977;
Tokonami et al., 1979). The Mn polyhedra-octahedra
in particular- are compressed with increasing pressure'
whereas the Si tetrahedra expand. This fact seems to in-
dicate that oxygen atoms tend to be packed in the more
regular array with increasing pressure. This is the same
tendency as observed in the structural changes in poly-

morphs of CorSiOo (Morimoto et al., 1974) and MgrSiO.
(Horiuchi and Sawamoto, l98l).

Recently, MgSiO, was found to crystallize in garnet

structure of noncubic type above 20 GPa and 1700'C
(Sawamoto and Kozaki, 1984; Kato et al., 1984), and its
stability field is being extensively investigated (Sawamoto

and Kozaki, in prep.; Kato and Kumazawa, 1985). The
noncubic MgSiO, garnet is probably isostructural with the
MnSiO, tetragonal garnet described in this study. There-
fore, the present structure analysis of MnSiO, garnet pro-

vides useful information on the crystallochemical char-
acterization of possibly the major mineral in the deep
upper mantle of the Earth.
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