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Structure refinement of a birefringent Cr-bearing majorite Mg;(Mg; 3,Si 3,Al 15Cr 14),S1;0,,

AKIHIKO NAKATSUKA,' AKIRA YOSHIASA,2 TAKAMITSU YAMANAKA,2 AND EDJ1 ITO?

'Department of Advanced Materials Science and Engineering, Faculty of Engineering, Yamaguchi University, Ube,
Yamaguchi 755-8611, Japan
*Department of Earth and Space Science, Graduate School of Science, Osaka University, Toyonaka, Osaka 560-0043, Japan
‘Institute for Study of the Earth’s Interior, Okayama University, Misasa, Tottori 682-0193, Japan

ABSTRACT

A single crystal of a birefringent Cr-bearing majorite, Mg;(Mg 3:Sig3.Al15Crp 14).S150,,, was
synthesized at 20 GPa and 2000 °C using “6—8” type uniaxial split-sphere apparatus. This garnet is
tetragonal with the unit-cell parameters a = ¢ and deviates slightly from cubic symmetry. The struc-
ture refinements using single-crystal X-ray diffraction intensity data were carried out by assuming
three space groups (one cubic and two tetragonal) to determine the most probable symmetry. The
most probable space group is /4,/a (tetragonal). The Cr ions show a disordered distribution between
the two nonequivalent octahedral sites in the /4,/a structure.

INTRODUCTION

The seismic discontinuities in the Earth’s mantle are con-
trolled by changes in the physical properties of the constituent
mineral phases. Therefore, the investigation of the symmetry
of mantle minerals is important because the physical properties
are very sensitive to the crystal structure. The majorite solid-
solution in the system Mg;Al,Si;0,,-MgSiO; having the garnet
structure is considered to be a major constituent of the transi-
tion zone in the Earth’s mantle between the 400 and 670 km
seismic discontinuities (e.g., Ringwood 1967; Liu 1977; Akaogi
and Akimoto 1977; Ito and Takahashi 1987). It has been re-
ported that the symmetry of the majorite solid-solution with
20-100 mol% Mg;Al,Si;0,, component is cubic (space group
la 3d), whereas that of garnet having a MgSiO; composition is
tetragonal (space group /4,/a) (e.g., Kato and Kumazawa 1985;
Sawamoto 1987; Angel et al. 1989; Parise et al. 1996;
Heinemann et al. 1997). The cubic phase (Ia 3d) has one unique
dodecahedral (X), octahedral (Y), tetrahedral (Z), and oxygen
(O) site, whereas the tetragonal phase (/4,/a) has two
nonequivalent dodecahedral (X1 and X2), two octahedral (Y1
and Y2), three tetrahedral (Z1-Z3), and six oxygen (01-06)
sites. The end-member MgSiO; garnet exhibits ordering of Mg
and Si between Y 1- and Y2-sites in the /4,/a structure (Angel et
al. 1989).

The upper mantle contains about 0.4 wt% Cr,0; (Ringwood
1979) and most of the Cr ions in transition zone in the Earth’s
mantle are expected from high-pressure experiments by Irifune
(1994) to be distributed to the high-pressure garnet phase, i.e.,
the majorite solid-solution. Hence, the behavior of Cr ions in
the majorite solid-solution in the Earth’s mantle cannot be ne-
glected. In the present study, we examine the symmetry of Cr-
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bearing majorite and the distribution of Cr ions between atomic
sites in the crystal structure using the single-crystal X-ray dif-
fraction method.

EXPERIMENTAL DETAILS

Material

A single crystal of Cr-bearing majorite, Mgs(Mgg:Sij 14
Al 15Cry14):5150,, was synthesized under high pressure and high
temperature (20 GPa and 2000 °C) using a 1000 ton “6-8” type
uniaxial split-sphere apparatus (USSA-1000) installed at the
ISEI of Okayama University. Special grade reagents (99.99%)
of MgO, 0-Al,0s, Si0O,, and Cr,0; were used as starting mate-
rials. These oxides were mixed together in a stoichiometric molar
ratio. A flux of PbO (15 mol%) was mixed with the starting
materials. The anvil assembly of tungsten carbide cubes with a
truncated edge length of 5 mm was compressed with the aid of
USSA-1000. A 10 mm regular octahedron of a sintered MgO
containing 5% Cr,O; was used as pressure medium. The pow-
der mixtures were put into a cylindrical rhenium heater embed-
ded in the MgO octahedron. Because MgO has a high thermal
conductivity, a LaCrO; sleeve was inserted outside of the rhe-
nium heater. The sample temperature was monitored by a
W25%Re-W3%Re thermocouple with 0.05 mm in diameter. The
junction of the thermocouple was put at the midpoint of the
outer surface of the cylindrical rhenium heater. No correction
was made for the pressure effect on emf. After being kept at 20
GPa and 2000 °C for an hour, the product was quenched by
shutting off the electric power supply. The pressure was released
slowly and the product was recovered under ambient condi-
tions. Composition of the single crystal was determined using a
JEOL JCMA-733II electron microprobe analyzer (EPMA). No
contamination of Pb into the single crystal was detected from
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TasLe 1. Chemical analysis by electron microprobe analyzer
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TasLE 3. Selected bond lengths (A)

Weight percent Cation ratio
SiO, 53.91 3.68
Al,O, 4.49 0.36
MgO 36.13 3.68
Cr,04 521 0.28
Total 99.74 8.00

qualitative analysis by EPMA. The result of the chemical analysis
is shown in Table 1.

Data collection and structure refinements

The unit-cell parameters and diffraction intensity data of the
synthesized single crystal were measured at room temperature
using a four circle diffractometer (Rigaku AFC-5FOS) equipped
with a rotating-anode generator operated at 50 kV and 200 mA.
Graphite-monochromatized MoKa. (A= 0.71069 A) radiation was
used for the measurements. The unit-cell parameters were deter-
mined by least-squares refinement of 25 reflections within the
range of 40° < 20 < 50°. A silicon single crystal was used as a
standard material for the measurements of the unit-cell param-
eters. Intensity data within (sin)/A < 0.807 with 0 < h, k, [ < 18
were collected in a continuous ® scan mode. A total of 1892 re-
flections were measured and 555 reflections with |Fl > 36(IF,l)
were used for the structure refinements. Lorentz and polarization
corrections were applied, but ho absorption correction was made
because of sufficiently small ud,,,,, where 1L = 15.57 cm™' and the
crystal size is 0.10 mm x 0.08 mm X 0.07 mm. The unit-cell pa-
rameters were also measured using synchrotron X-ray radiation
with the four circle diffractometer installed at BL-10A in the Pho-
ton Factory of the National Laboratory for High Energy Physics.
Synchrotron radiation of wavelength A = 1.000 A was obtained
from the 2.5 GeV storage ring using a double Si(111) monochro-
mator crystal.

The crystal-structure refinements were carried out by mini-

TasLE 2. Atomic coordinates and anisotropic displacement parameters

X1-01  2.203(5) X2-01  2.356(5) x2 Y2-02 1.912(5) x2

X1-02 2.200(6) X2-02  2.346(5) x2 Y2-03 1.907(4) x2

X1-03 2.198(5) X2-05  2.193(6) x2 Y2-06 1.913(4) x2

X1-03 2.354(6) X2-06  2.196(6) x2 Average 1.911

X1-04 2.204(5) Average 2.273

X1-04 2.361(6) Z1-05 1.642(5) x4

X1-0O5 2.348(6) Y1-01  1.912(5) x2 Z2-06 1.642(5) x4

X1-06 2.340(6) Y1-04  1.901(4) x2

Average 2.276 Y1-05 1.911(4) x2 Z3-0O1 1.628(5)

Average 1.908 Z3-02  1.642(5)

Z3-03 1.634(5)
Z3-04 1.637(5)

Average 1.635

mizing the function Zw(IFl-1F.l)? using a full matrix least-squares
program RADY (Sasaki 1987). A weight of w = 1/6*(IF,l) was
assigned to each observed reflection. Atomic scattering factors
for neutral atoms and anomalous dispersion coefficients were taken
from the International Tables for X-ray Crystallography (Ibers
and Hamilton 1974). During the least-squares refinements, the
correction for the isotropic extinction effect (Type II) by Becker
and Coppens (1974a,1974b) was performed. The space group
adopted in the present study is /4,/a with Z = 8. From a consider-
ation of the discussion of the cation distribution described below,
the final refinement in /4,/a was based on a disordered model for
the cations. Cation occupancies on respective sites were fixed on
the basis of the result from the chemical analysis.

Final reliability factors are R = 3.63% and wR =2.11%. The a
cell parameter is 11.512(1) A and ¢ is 11.515(1) A. Cell volume V'
is 1526.0(2) A%, corresponding to a density of 3.562 g/cm?. The
chemical formula weight is 409.062. Atomic coordinates and aniso-
tropic displacement parameters are listed in Table 2. Selected bond
lengths are given in Table 3.

RESULTS AND DISCUSSION

The single crystal of Cr-bearing majorite obviously shows
birefringence (<0.003) under crossed polars (Fig. 1). No compo-
sitional zoning was observed by EPMA. Moreover, the single crys-

Site Atom ® y 7 Un U, Uss Ui Uss Uss Uaq (A2
X1 Mg 0.1250(2) -0.0003(3) 0.2497(3) 0.006(1)  0.020(2)  0.024(2)  -0.000(1)  0.003(2) 0.011(2) 0.0164(2)
X2 Mg 0 1/4 0.6246(5) 0.019(3)  0.023(3)  0.005(2)  -0.011(2) 0O 0 0.0155(4)
Y1 0.34Mg 0 0 1/2 0.006(2)  0.004(2)  0.003(2) 0.001(1)  -0.001(2)  -0.000(2) 0.0044(3)

0.34 Si

0.18 Al

0.14 Cr
Y2 0.34Mg 0 0 0 0.004(2)  0.005(2)  0.006(2)  -0.001(1)  -0.001(2) 0.003(2) 0.0049(3)

0.34 Si

0.18 Al

0.14 Cr
z1 Si 0 1/4 3/8 0.008(2)  0.008 0.009(3) 0 0 0 0.0082(2)
72 Si 0 1/4 7/8 0.008(2)  0.008 0.005(3) 0 0 0 0.0071(2)
z3 Si 0.1251(2) 0.0001(2) 0.7497(3) 0.007(1)  0.009(1)  0.008(1) 0.001(1)  0.000(1)  -0.000(1) 0.0080(2)
o1 o] 0.0331(4) 0.0503(4) 0.6547(4) 0.007(2)  0.014(3)  0.009(3)  -0.001(2)  -0.004(2) 0.006(2) 0.0101(4)
02 0 0.0326(4) -0.0510(4) 0.8454(4) 0.006(2)  0.017(3)  0.021(3)  -0.003(2)  0.006(2) 0.012(2) 0.0147(4)
03 o 0.2173(4) 0.0955(4) 0.8000(4) 0.006(2)  0.010(3)  0.019(3)  -0.002(2)  0.000(2)  -0.007(2) 0.0115(4)
04 0 0.2172(4) -0.0961(4) 0.7000(4) 0.007(2)  0.013(3)  0.014(3)  -0.001(2)  0.002(2)  -0.001(2) 0.0111(4)
05 0 -0.0511(4) 0.1546(4) 0.4679(4) 0.016(3)  0.014(2)  0.008(2)  -0.007(2)  0.001(2) 0.003(2) 0.0125(4)
06 o) -0.0951(4) 0.1989(4) 0.7819(4) 0.014(2)  0.015(3)  0.006(2)  -0.002(2)  -0.001(2) 0.001(2) 0.0117(4)

Note: The origin of atomic coordinates is shifted by 1/2, 0, 0 relative to the standard origin at the Wyckoff position 8c, to conform with previous descriptions

of tetragonal garnets (14,/a).
U, = (18)EL,Ua"a" ara;
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FIGURE 1. The photomicrograph of the Cr-bearing majorite single
crystal. The crystal is in immersion liquid and was photographed under
crossed polars with a sensitive color plate inserted (RT = 530 nm), where
RT represents retardation.

tal shows not undulatory extinction but “normal” extinction un-
der crossed polars, and the patchy interference colors observed in
Figure 1 are due to the variations of crystal thickness. This strongly
suggests that the appearance of birefringence in the Cr-bearing
majorite is due to not ferroelastic strain but to reduction of sym-
metry from cubic. The unit-cell parameters measured by the con-
ventional X-ray source have values a=11.512(1) A, b=11.512(1)
A, and c=11.515(1) A with interaxial angles statistically equal to
90°. In addition, the unit-cell parameters obtained using synchro-
tron radiation, which yields higher resolution for 26 angle than
conventional radiation sources, have values a = 11.537(1) A, b =
11.536(1) A, and ¢ = 11.543(1) A. (The discrpancy between the
absolute values of the unit-cell parameters obtained using both X-
ray sources may be due to the uncertainty of wavelength of syn-
chrotron X-ray radiation used.) Both results indicate that this gar-
net has a tetragonal unit cell with a = ¢ and deviates slightly from
cubic symmetry. Among the subgroups of Ia 3d, the possible tet-
ragonal space groups that allow the garnet structure to be main-
tained are I4,/acd and I4,/a. Therefore, structure refinements as-
suming space groups la 3d (model 1), 14,/acd (model 2), and 14,/
a (model 3) were attempted to determine the most probable sym-
metry. Structure refinements in models 1, 2, and 3 resulted in R =
3.86% with wR = 2.33%, R = 3.80% with wR =2.19%, and R =
3.63% with wR = 2.11%, respectively. Among these models, the
final R- and wR-values were lowest for the refinement in model 3
although the improvement in R-values was slight. Moreover, the
bond lengths and the equivalent isotropic displacement param-
eters (U,,) regarded as symmetry equivalent in model 1, are obvi-
ously more distinguishable in model 3 than in model 2. Particu-
larly, the remarkable difference between models 2 and 3 can be
found in the U,,values of O atoms. The U, values of three non-
equivalent O atoms in model 2 are 0.0121(2) A2, 0.0111(2) A2,
and 0.0120(2) A2, which do not show significant difference. On
the other hand, the most remarkable nonequivalency can be found
between U, values of O1 [0.0101(4) A% and 02[0.0147(4) A?] in
model 3 (Table 2). Therefore, we conclude that the most probable
space group of this birefringent garnet is /4,/a, which is the same
as that of MgSiO; majorite. The two different types of merohedral
and pseudomerohedral twins have been invariably observed in the
tetragonal majorite (/4,/a) by several researchers (e.g., Angel et
al. 1989; Wang et al. 1993; Heinemann et al. 1997). However, it
was very difficult to observe these twins in the Cr-bearing majorite
under the polarization microscope. This may be because the twin
domains produced are very fine owing to a very small deviation
from cubic, as reported in majorite in the system Mg;AlL,Si;0,,-
MgSiO; by Heinemann et al. (1997). In further study, the obser-

vation of twinning by transmission electron microscopy (TEM)
will be necessary to gain the conclusive proof that the Cr-bearing
majorite has the tetragonal space group /4,/a.

The result of the chemical analysis (Table 1) shows that the
single crystal is stoichiometric and Cr ions exist in the trivalent
state. Moreover, in consideration of the general formula of gar-
nets (Y"X;YY,'VZ50,,) and cation sizes, this result indicates that
the mixing of cations (Mg, Al, Si, and Cr) occurs only on the two
nonequivalent octahedral sites (Y1 and Y2) in the I4,/a structure.
However, it is very difficult to determine the site occupancies of
Mg, Al, and Si on the octahedral sites because these atoms have
similar atomic scattering factors. Therefore, the occupancy refine-
ment for Cr ions on Y1- and Y2-sites was performed by substitu-
tion of the atomic scattering factor of Al for those of Mg and Si
because the average of atomic scattering factors of Mg and Si is
approximately equal to that of Al. This procedure for the occu-
pancy refinement will be sufficiently worth attempting for the
purpose of the occupancy determination of only Cr ions whose
scattering power is much greater than the remaining cations (Mg,
Al, and Si). The occupancy refinement indicated that the Cr ions
occupy 14.1(9)% of the Y1-site and 14.6(9)% of the Y2-site. This
result is consistent with Cr content obtained by chemical analysis
(Table 1) and, moreover, indicates complete disordering of Cr ions
between Y1- and Y2-sites. Therefore, among the constituent cat-
ions, at least the Cr ions do not show the ordered distribution with
the symmetry reduction from cubic to tetragonal. Although it is
very difficult to know the exact distribution of the remaining cat-
ions (Mg, Al, and Si) between Y1- and Y2-sites, comparison of
mean (Y1-O) and (Y2-O) distances may provide some insights
into the distribution of these cations. In Table 3, the difference
between (YI-O) and (Y1-O) distances is only 0.003 A, which is
not significant. This suggests that the ordering of Mg, Al, and Si
between Y 1- and Y2-sites will not be present at all or a degree of
the ordering will be very slight even if it is present.
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