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ABSTRACT

Six single crystals of MgMg,Si,Al,_»)Si;0y, with x = 0.05, 0.13, 0.24, 0.38, 0.52, and 0.64 (the
majorite solid-solution) were synthesized at 20 GPa and 2008ith a “6-8” type uniaxial split-
sphere apparatus. Single-crystal X-ray diffraction studies revealed discontinuities in compositional
dependence of the molar volume, equivalent isotropic temperature f&:tprar{d mean bond lengths
betweerx = 0.24 and 0.38. Single crystals in the compositional rarge£0.24 show no birefrin-
gence, whereas thosexf 0.64 have a slight optical anisotropy. Moreover, the cell symmetsy for
= 0.64 obtained using synchrotron X-ray radiation is tetragonal with a slight deviation from cubic.
On the basis of site splitting expected from compositional dependelgatitained by cubic re-
finement, the most probable space group in the range<x28.64 isl4,/acd (tetragonal), which is
the maximal subgroup of the space grta@d (cubic). Given that the previous reports that crystals
with 0.8< x < 1.0 have the tetragonal space grodya, the majorite solid-solution in this system
undergoes the series of symmetry chaniges, - 14,/acd - 14,/a, with increasing MgSi©compo-
nent. The symmetry changes fréa3d tol4,/acdcannot be explained by the cation ordering on the
octahedral site. Strong electrostatic interaction between the dodecahedrpbfMdetrahedral (S)
cations was observed from atomic thermal motion and electron density distribution. Because one of
the site symmetries of the two nonequivalent tetrahedral sitdgaed structurdoses the center of
symmetry with the symmetry reduction frdaBd tol4,/acd,the symmetry reduction may be caused
by the electronic polarization of the cations due to the neighboring cation-cation interaction.

INTRODUCTION Angel et al. (1989) reported from transmission electron

Considerable efforts have been devoted to the investigﬁ'—croscopIC (TEM) observation that thg two d|ﬁerent t_ypes of
tions on crystal chemistry of garnets because of their impor—erOhedraI and pseudomerohedral twins were invariably ob-
ved in MgSi@majorite synthesized at 17 GPa and 18D0

tance in Earth’s crust and in the upper mantle. A garnet ph v arqued that Ma-Si ordering process is unlikelv to be com-
called majorite is stable under pressure-temperature conditiq yargu g-o! ing p IS uniikely

corresponding to the transition zone in Earth’s mantle betw ﬁted W'.th'n iny a few geconds during thg quenching and
the 400 and 670 km seismic discontinuities (e.g., Ringwo se twm_s v_wll_arlse during crystal groyvth, and thus, that
1967; Liu 1977; Akaogi and Akimoto 1977; Ito and Takahashi gSiO;majorite is tetragonal 4,/a) under high pressure-tem-
19875 Majorité in Earth’s mantle is cons’idered to be soli erature condition corresponding to the transition zone in
solution having complex chemical composition of Mg-Ca-F -arth’s mantle. However, from the symmet.ry analysis based
Cr-Al-Si-O system. As the simplest model, the chemicd" 9rouP t.helory, .Hatch ?‘“d thse (1989) interpreted the ob-
composition of majorite in Earth’s mantle can be approximat grvgq twinning_in MgSiemajorite as evidence of a phase
by the solid-solution MgAl,SiO,,-MgSiO,. The structure for- ransition fromla3d to 14,/a caused during the quenching, and

mula of this majorite solid-solution can be expressed gggued that MgSi@majorite in the transition zone is cubic

Mg;(Mg,.SiAl,»)SiO;.. It has been reported that the cubi(\:lvllthlcé)gn;plete I\:Ig(;S(ljdflsordtehrlng or;hociFarledral S'tte' Wgng et
symmetry [a3d) in this system is stable fork < 0.8, whereas zén(ce of )m (.:;réztl: Cet régThat ?hzynhazelctraenrzft)%rna ure toepen-
that the symmetry in the range &8& < 1.0 is tetragonal 4,/ ! uctu P i

a) and the ordering of Mgand St*cations occurs on the two L41/a |ndl\1rg];st|(t);majtc)).rlt§tarlsef a'lroulr:td/22 SPa and ﬁ?OQ—Zg)SO
nonequivalent octahedral sites (e.g., Kato and Kumazawa 19€§'an at the ubiquitous twins 1f,/a phase synthesize

Sawamoto 1987; Angel et al. 1989; Parise et al. 199 éfowct:hls tempez?tu:r? are prqguceéit:uzlrll/? ‘;;e.gr.?mh pro-
Heinemann et al. 1997). céss. Consequently, they considere at Mg8igjorite in

the transition zone is probably tetragordl/g). Recently, in
MgsAl ,Siz0,-MgSiO; majorite solide solution, Heinemann et
*E-mail: tuka@po.cc.yamaguchi-u.ac.jp al. (1997) proposed that the phase transition of the end-mem-
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ber MgSiQ majorite from high-temperature phase3l) to positions of the single crystals (Table 1) were determined by
low-temperature phasé4{/a) occurs at 19 GPa and 1500 means of a JEOL JCMA-733lIl electron microprobe analyzer
and the boundary between the both phases shifts to low t§EBPMA). No contamination of Pb into the single crystals was
perature side with increasing Mg.Si;O,, component. As a detected from qualitative analyses by EPMA.
result, they argued that the majorite solid-solution has cubic Unit-cell parameters and diffraction intensity data were mea-
symmetry (a3d) through the whole compositions under thesured at room temperature using a four circle diffractometer
condition of the transition zone in Earth’'s mantle. Thus, the(Rigaku AFC-5S) operated at 45 kV and 40 mA. The graphite-
is some disagreement about the actual symmetry at the prasnochromatized Méa (A = 0.71069 A) radiation was used
sure-temperature conditions of the transition zone in Earttite the measurements. The unit-cell parameters of each speci-
mantle. Moreover, an intermediate tetragonal phegga¢d men were determined by the least-squares method from a set of
has been suggested from the coexistence of pseudomeroh&2akflections within the range of 4 26 < 50°. Prior to the
and merohedral twins in the end-member Mg&i@jorite (e.g., measurements, zero-point adjustment for the four circle
Wang et al. 1993), because the former results from the symrdéfactometer was carried out. The zero-point correction angles
try change froma3d to 14,/acdand the latter is related to thatwereA26 = 0.000, Aw=-0.030, Ax = 0.000, andAg@= 0.000,
from 14,/acdto I4,/a. However, Heinemann et al. (1997) conand the four circle diffractometer used were adjusted very well.
sidered the existence t4,/acd phase in the majorite solid- The unit-cell parameter of the single-crystal silicon standard was
solution unlikely. a, = 5.4312(3) A, which agrees very well with the JCPDS value
In this paper, single-crystal X-ray diffraction study of théa, = 5.43088 A). This agreement indicates that the unit-cell
majorite solid-solution in the system M,Si;O,-MgSiO; is parameters of majorite solid-solution obtained in the present study
carried out systematically to gain information on the crystare reliable. Intensity data within (8)iA < 0.807 with (< h, k,
chemical relation between the cubic and tetragonal phased.sA18 were collected by continuousscan mode. Lorentz and
new lower symmetric garnet phase is found for compositiopslarization corrections were applied, whereas no correction was
previously considered to be cubic. The reason for the symnmeade for absorption effect because the linear absorption coeffi-
try change from cubic phase to the new lower symmetric phasents (1) for each specimen were sufficiently small (Table 2).
is discussed from a viewpoint of crystal chemistry, with attefhe nearly constant transmission was observepl scan for
tion to the electrostatic neighboring cation-cation interactighe selected reflections even the specimer0.24 having the
connected with our previous studies (Nakatsuka et al. 1995 ayndatest aspect ratio of the specimens investigated, showing
Yoshiasa et al. 1997). that the influence of the crystal aspect on absorption effect is
negligible. Reflections between 1875 and 1892 were measured
for each specimen. The observed reflections Wijlz|30(|F,|)
EXPERIMENTAL DETAILS AND STRUCTURE varied between 595 and 1051 for the different structure refine-
REFINEMENTS ments. The unit-cell parameter of the specimen with0.64
Six single crystals of majorite solid-solution in the systefas also measured using synchrotron X-ray radiation, which
Mg.Al,Si;0,,-MgSiO; were synthesized under high-pressurgields higher B resolution, with the four circle diffractometer
and high-temperature (20 GPa and 200pusing a 1000 and installed at BL-10A in the Photon Factory of the National Labo-
5000 ton “6-8” type uniaxial split-sphere apparatus (USSAatory for High Energy Physics. The synchrotron X-ray radia-
1000 and 5000) installed at the ISEI of Okayama Universityon of wavelengtih = 1.000 A was obtained from the 2.5 GeV
All specimens were synthesized from the same starting magesrage ring using a Si(111) double-crystal monochromator. The
rials and under the same pressure-temperature condition. Spsit-cell parameter of the specimen 0.64 obtained using the
cial grade reagents (99.99%) of MgO,@{, and SiQ were synchrotron X-ray radiation was determined by the least-squares
used as starting materials. These oxides were mixed togeti@ithod from the same set of 25 reflections as that adopted for
in appropriate molar ratios. A 15 mol% flux of PbO was mixethe measurements using conventional X-ray source.
with the starting materials. The anvil assembly of tungsten car- The crystal-structure refinements were carried out by mini-
bide cubes with a truncated edge length of 5 mm was comizing the functiorsw(|F,| — F|)? using a full matrix least-
pressed with the aid of USSA-1000 and 5000. A 10 mm reguktfuares program RFINE2 (Finger 1969). As will be described
octahedron of a sintered MgO containing 5% oflGwas used below, the specimens with= 0.38, 0.52, and 0.64 exhibit the
as pressure medium. The powder mixtures were put into a pyssibility of tetragonal symmetry4i/acd). The structure re-
lindrical rhenium heater embedded in the MgO OCtahedl’Oﬁmement§ were, therefore, performed by assuming two space
Because MgO has a high thermal conductivity, an LaSié@ve groupsla3d andl4,/acd As the first step, the crystal structures
was inserted outside of the rhenium heater. The sample teshall specimens were refined in the space giadg. As the
perature was monitored by the W25%Re-W3%Re thermocouglecond step, the space grddgacdwas assumed in the struc-
with 0.05 mm in diameter. The junction of the thermocoupl@re refinements for the specimensaf 0.38, 0.52, and 0.64.
was put at the midpoint of the outer surface of the cylindricatomic scattering factors for neutral atoms and anomalous dis-
rhenium heater. No correction was made for the pressure effggision coefficients were taken frdmternational Tables for
on emf. After being kept at the desired condition (20 GPa apdray Crystallography(Ibers and Hamilton 1974). The occu-
2000°C) for 1 hour, the product was quenched by shutting giincy parameters were not refined because of similar atomic
the electric power supply. The pressure was released slowdattering curves of Mg, Al, and Si atoms. In consideration of
and the products were recovered at ambient conditions. Catation distribution expected from cation sizes (Shannon 1976),
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TaBLE 1. Results of chemical analyses by electron microprobe analyzer

1137

x =0.0.5(1) x = 0.13(1) x = 0.24(1) x = 0.38(1) x = 0.52(1) x = 0.64(1)
Element wt% Cationratio wt% Cationratio wt%  Cationratio wt% Cationratio wt% Cationratio  wt% Cation ratio
MgO 30.78(16) 3.05(1) 30.69(16) 3.12(1) 32.02(16) 3.23(1) 34.00(16) 3.38(1) 34.94(17) 3.52(1) 36.37(17) 3.63(1)
SiO, 45.78(19) 3.05(1) 45.92(19) 3.13(1) 47.91(19) 3.24(1) 50.57(20) 3.38(1) 52.08(20) 3.52(1) 54.38(20) 3.64(1)
AlLO, 24.29(14) 1.90(1) 21.61(13) 1.74(1) 19.10(12) 1.52(1) 15.43(11) 1.22(1) 12.06(10) 0.96(1)  8.14(8)  0.64(1)
Total  100.85 8.00 98.22 7.99 99.03 7.99 100.00 7.98 99.08 8.00 98.89 7.91
TABLE 2a. Crystallographic data and data-collection and refinement parameters of cubic garnets
Composition x = 0.05 x=0.13 x=0.24
as(A) 11.4666(10) 11.4755(9) 11.4915(8)
V(A3) 1507.7(4) 1511.2(4) 1517.5(3)
Space group assumed la3d la3d la3d
Density (g/cm?3) 3.553 3.543 3.527
Radiation used MoKa MoKa MoKa
Monochromator graphite graphite graphite
Crystal size (mm) 0.14x0.14x0.12 0.06 x 0.06 x 0.05 0.13x0.07 x0.06
p(cm™) 12.10 12.07 12.02
Scan type W W W
Scan speed (°/min) 4 1 2
28range (°) 2<20<70 2<20<70 2<20<70
Range of h,k,/ 0< hkl<18 0< hkl<18 0< hkl<18
Measured reflections 1875 1877 1892
Observed reflections with |F,| = 30(|F,|) 1051 711 896
No. of parameters 18 18 18
Scale factor 0.380(7) 0.082(2) 0.13(1)
Extinction coefficient 0.13(1) x 107 0.37(8) x 108 0.51(7) x 108
R (%) 2.33 2.59 2.68
Ry (%) 1.97 1.86 2.09
Weighting scheme 1/0%(|F,)) 1/0%(|F,)) 1/0%(|F,))
TABLE 2b. Parameters for potentially non-cubic garnets
Composition x =0.38 x =0.52 x = 0.64
ay(A) (pseudocubic cell) 11.4833(11) 11.4876(8) 11.4891(8)
V(A3) 1514.3(4) 1516.0(3) 1516.6(3)
Space group assumed 14,/acd 14,/acd 14,/acd
Density (g/cm?) 3.533 3.527 3.524
Radiation used MoKa MoKa MoKa
Monochromator graphite graphite graphite
Crystal size (mm) 0.12 x 0.10 x 0.07 0.10 x 0.10 % 0.06 0.12 x 0.07 x 0.06
p(cm™) 12.05 12.04 12.04
Scan type w w w
Scan speed (°/min) 2 2 2
28range (°) 2<206<70 2<206<70 2<20<70
Range of h,k,/ 0< hkl<18 0< hkl<18 0< hkl<18
Measured reflections 1892 1892 1877
Observed reflections with |F,| = 30(|F,|) 1033 766 595
cubic ( /a3d) refinements
No. of parameters 18 18 18
Scale factor 0.18(1) 0.11(1) 0.17(1)
Extinction coefficient 0.38(7) x 1078 0.47(8) x 1078 0.64(10) x 10°®
R (%) 2.62 2.92 291
R. (%) 2.27 2.17 1.95
Weighting scheme 1/0%(|F,)) 1/0%(|F,)) 1/0%(|F,))
tetragonal ( /4,/acd) refinements
No. of parameters 50 50 50
Scale factor 0.18(1) 0.11(1) 0.17(1)
Extinction coefficient 0.36(7) x 108 0.47(8) x 108 0.64(10) x 10®
R (%) 2.61 2.88 2.83
R (%) 2.23 2.13 1.92
Weighting scheme 1/0%(|F,)) 1/0%(|F,)) 1/0%(|F,))
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TABLE 3. Refined positional parameters and equivalent isotropic temperature factors (A2), and fixed occupancy parameters in /a3d

(cubic) refinements

Octahedral Si Site X

y

*
Beq

Occupancy parameters

MgZ+

Sj4+

A|3+

0.05 0.125
0

0.375
-0.03278(5)

-0.03275(7)
~0.03306(7)
0.38

-0.03278(6)

-0.03281(8)

0.64

ON<X ON=<X ON<X ON<X ON=<X ON=<X

—0.03246(10)

0
0
0
0.05012(6)
0.05012(7)
0.05050(7)

0.05022(7)

0.05034(8)

0.05031(10)

0.25
0

0.25
0.15345(6)

0.15370(7)

0.15407(7)

0.15422(7)

0.15414(8)

0.15459(10)

0.86(1)
0.38(1)
0.36(1)
0.52(1)

0.89(1)
0.37(1)
0.41(1)
0.58(1)

0.80(1)
0.48(1)
0.50(1)
0.72(1)

1.21(1)
0.26(1)
0.50(1)
0.82(1)

1.07(1)
0.47(1)
0.53(1)
0.86(1)

1.46(1)
0.33(1)
0.58(1)
1.02(1)

0.025

0.065

0.119

0.187

0.260

0.320

0.025

0.065

0.119

0.187

0.260

0.320

0.950

0.870

0.762

0.626

0.480

0.360

Notes: X = dodecahedral site; Y = octahedral site; Z = tetrahedral site; O = oxygen site.

* Beﬂl = (4/3)2,2,{3,,3,.&,-

TABLE 4. Refined positional parameters and equivalent isotropic temperature factors (A?), and fixed occupancy parameters in /4,/acd

(tetragonal) refinements

Octahedral Si Site X y z B.* Occupancy parameters
Mgz+ Sj4+ ARt
0.38 X1 0 0.25 0.125 1.21(2)
X2 0.12495(10) 0 0.25 1.21(2)
Y 0 0 0 0.26(1) 0.187 0.187 0.626
Z1 0 0.25 0.375 0.50(1)
z2 0.37505(7) 0 0.25 0.51(1)
o1 —0.03273(12) 0.05009(12)  0.15398(12) 0.81(2)
02 0.15438(12) —0.03268(12)  0.05053(11) 0.83(2)
03 0.05005(12) 0.15430(12) -0.03292(11) 0.82(2)
0.52 X1 1.07(2)
X2 0.12502(12) 0 0.25 1.06(2)
Y 0.47(1) 0.260 0.260 0.480
Z1 0.54(1)
z2 0.37505(9) 0 0.25 0.52(1)
o1 —0.03272(15) 0.05022(16)  0.15410(14) 0.84(2)
02 0.15435(15) —0.03282(15)  0.05052(14) 0.89(2)
03 0.05029(15) 0.15399(14) —0.03288(13) 0.83(2)
0.64 X1 1.48(2)
X2 0.12494(19) 0 0.25 1.46(2)
Y 0.33(1) 0.320 0.320 0.360
Z1 0.57(1)
z2 0.37500(14) 0 0.25 0.59(1)
o1 —0.03240(19) 0.05055(20)  0.15462(17) 1.04(2)
02 0.15446(19) —0.03260(18)  0.05013(16) 1.03(2)
03 0.05023(19) 0.15470(18) —0.03237(16) 0.99(2)

Notes: X1, X2 =dodecahedral sites; Y = octahedral site; Z1, Z2 = tetrahedral sites; O1, 02, O3 = oxygen sites.
* Beg = (413)22B;3,.8;.

the cation ratios calculated from the results of chemical anatyents, the correction for isotropic extinction effect was made.
ses (Table 1) indicate that in the both caséaif andl4,/acd After several cycles of refinements, temperature factors were
structures the substitution of the cations,2Al Mg? + Si*, converted to the anisotropic model. The crystallographic data
occurs only on one equivalent octahedral site. Therefore, #red data-collection and refinement parameters are given in Table
occupancy parameters for each site were fixed based on 2h&he structure parameters obtained by cubic and tetragonal
results of chemical analyses. During the least-squares refinefinements are listed in Tables 3 and 4, respectively.
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RESULTS AND DISCUSSION tained by conventional and synchrotron X-ray radiation sources

Symmetry change is due to the difference irb2esolution. Hence, the cell symme-
Figure 1 shows a variation of molar volumes against cortry obtained by synchrotron X-ray radiation is more reliable.

position k). Two discontinuities are observed in Figure 1. ThBossible tetragonal space groups should be subgrou@3dof
discontinuity observed in the compositional range between that allow the garnet structure to be maintained, and the candi-
0.64 and 1.0 is due to the previously reported symmetry chamigges ard4,/acd andl4,/a (e.g., Takéuchi et al. 1982). The
fromla3dtol4,/a (e.g., Kato and Kumazawa 1985; Sawamotspace groupd,/acdis the maximal subgroup td3d, andl4,/
1987; Angel et al. 1989; Heinemann et al. 1997). Here, anotleis that ofl4,/acd The symmetry changes frola3d to 14,/
discontinuity is newly observed betwees 0.24 and 0.38 in acdand froml4,/acdtol4,/ayield the split of sites as shown in
Figure 1. From the polarization-microscopic studies, the singlable 5.
crystals in the range € x < 0.24 exhibit no birefringence,  The equivalent isotropic temperature fact@s)(refined by
whereas the single crystals with= 0.64 exhibit slight bire- X-ray diffraction represent the atomic positional disorder together
fringence, and it is difficult to observe birefringence of thoseith thermal vibrations of atoms. If the symmetry is reduced
of x=0.38 and 0.52. Retardation of the specixei®.64 with  from cubic to the lower symmetry, the apparBgtvalues ob-
the thickness of about 2@0n was the same degree as that dhined by structural refinement based on cubic symmietg)
quartz with the thickness of 20m estimated from Michel- should be estimated to be larger than those from refinement
Lévy's interference color chart. Thus, the value of the birefrifbased on the lower symmetry. Figure 2 shows a discontinuity
gence for the specimen= 0.64 is below 0.001. The singlebetweerx = 0.24 and 0.38 where the symmetry reduction de-
crystals ofx = 0.64 show “normal,” not undulatory, extinctionscribed above occurs. Upon symmetry reductionBheal-
under crossed polars. This strongly suggests that the appeas of the dodecahedral, tetrahedral, and oxygen atoms in the
ance of the birefringence in the specimen0.64 is due to not range 0.3& x< 0.64 become larger than those in the range 0
ferroelastic strain but to symmetry reduction from cubic. Therg< 0.24, whereas thB,., value of the octahedral cation in the
fore, from Figure 1 and the polarization-microscopic observeange 0.3& x < 0.64 becomes smaller than that in the range 0
tions, we conclude that majorite solid-solution in the range O
x < 0.24 has cubic symmetry, while that in the range 8.88
0.64, which was previously assigned to cubic phase, has a lower

symmetry than cubic. TABLE 5. Occupied sites in garnet structures
Although the unit-cell parameters of three specimens in thge Wyckoff Site Atomic
range 0.3& x < 0.64 measured using conventional X-ray source position Sylmg‘:"y coordinates
. R . . a.
indicate pseudocublc cell (Table 2)., the unit-cell pgramglxer of 24c 222 1/8, 0, 1/4
= 0.64 using synchrotron X-ray radiation has the dimensiens B
11.541(1) Ab=11.542(1) A, and = 11.532(1) A with interaxial Y 16a 3 0.0.0
angles statistically equal to Q0This clearly exhibits a tetrago- 7 24d 7 3/8,0, 1/4
nal unit cell. The discrepancy between the cell symmetries ob-
(0] 96h 1 X Yz
14./acd
T X1 8b 222 0, 1/4, 1/8
- i X2 16e 2 x, 0, 1/4
| Ll
[=} i » Y 16c 1 0,0,0
£ . SRS R 8a 3 0, 1/4, 3/8
g 114 i / o] =z 16e 2 X, 0, 1/4
= i a
o i 01 329 1 XYz
£ e 02 329 1 X, Yz
3 I 03 329 1 X Yz
[} e o
> 113 gt l4r/a
% i X1 16f 1 Xy z
= X2 8e 2 -1/2,1/4, z
L Y1 8c 1 -1/2,0, 1/2
0.0 L1 0'5 1 110' Y2 8d 1 -1/2,0,0
. . . 71 4a 3 —1/2, 1/4, 3/8
x in Mg3(Mg,Si,Als_5,)Si3042 72 4b z —1/2, 1/4, 7/8
Z3 16f 1 X ¥z
FIGURE 1. Compositional dependence of molar volume in majorite
solid-solution. Solid circle = this study; solid triangle = Novak an ig i § y’j
Gipbs (1971); solid diamond = Angel et_al. (:_L9_89); open circle 03 16f 1 X:ﬁz
Heinemann et al. (1997); open square = Sinogeikin et al. (1997). Sabid 16f 1 X,V z
circle, solid triangle, and solid diamond are data from the single crystd®$; 16f 1 X Yz
06 16f 1 X, Yz

open circle and open square are data from the powder crystals.
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2.0+ ] 2.20} ]
[ ] < i i i
- dodeca :i: . 0 o ]
1.5} Y ]
o~ 1 ] _g s dgay (dodeca) |
os oxygen b g T :1‘5
$ 1.0f o 1 s i 3 3 ]
e N SE L
[ O//o t’eAtra 5 ] o [ i dg (octa) B ]
[ o B e i . 1.88 i i ]
0‘5: .‘:"//4 kj"/.\ . ..SJ = s o layfa
L . octa J 8 F la3d (cubic) 144/acd (tetragonal) (tetragonal)
[, ] g 164 i 3 1
0.0 0.5 10 o | Tl —
X in Mg3(Mg,Si,Aly_2,)Si3012 1.62f i datetra) 3t 1
1 L L L L A i 1 L A 1
0.0 0.5 1.0

FIGURE 2. Compositional dependence of equivalent isotropic
temperature factor8{;) of majorite solid-solution in cubic refinements. X in Mgs(ngSixA|2—2x)5i3012
Solid circle = dodecahedral cation; solid square = octahedral cation;
solid triangle = tetrahedral cation; open circle = oxygen.
FIGURE 3. Compositional dependence of the mean cation-oxygen

o distances in majorite solid-solution. Solid circle = dodecahedral site
< x<0.24. This difference suggests that the dodecahedral, {gt-). solid square = octahedral sig)( solid triangle = tetrahedral

rahedral, and oxygen sites separate into more than two SRS (,). The average values of the nonequivalent cation-oxygen

with symmetry reduction observed in the range 0.2449.38, distances in4,/acd structure regarded as the equivalent onéa3d

but that the octahedral site does not separate. Only the spsaeeture are plotted fdd/acd phase in the Figure.

group I4,/acd among subgroups d&3d satisfies these rela-

tionships, and is therefore considered to be the most likely space

group in the range 0.38x < 0.64. Consequently, the majoritebecause the substitution of cations, 2A Mg?* + St*, oc-

solid-solution in the system MAI,Si;O;,-MgSiO; undergoes curs only on one equivalent octahedral site irl#p@cdstruc-

the following series of symmetry changes with increasintgre. Thus, cation ordering in garnet structure is not the direct

MgSiO; componentla3d - 14,/acd - |4,/a. The discontinu- reason for the symmetry reduction from cubic, and other fac-

ity in the mean bond lengths is also observed in the range 0t@% need to be considered as the driving force.

< x < 0.38 (Fig. 3). The gap observed on the octahedral site o ) ) )

betweenla3d andl4,/acd phases is greatest among all bon&atlgn-gatlon interaction and residual electron density

lengths. The structure refinements for 0.38, 0.52, and 0.64 distribution

based on the space grol4y/acd (tetragonal) resulted in very  The repulsive force between the dodecahedraP(Mmd

small deviation from cubid43d) (Tables 3 and 4), ariRtval-  tetrahedral (St) cations across the shared edfg) (s expected

ues obtained frord,/acdrefinements were not improved sig-to be strong because the Mg-Si distances of 2.867-2.873 A for

nificantly compared with those from the cubic refinementsach specimen are shorter than those of other garnets (see

(Table 2b). In addition, th.,values from the refinements basedNakatsuka et al. (1995) for the nomenclature of the interatomic

onl4,/acdfor x=0.38, 0.52, and 0.64 are little different frondistancesd). Thermal vibrations of dodecahedral (Wgand

those assumintp3d (Tables 3 and 4). This may be due to &etrahedral (Si) cations (Fig. 4) are significantly smaller in

limitation of the resolution for the split of dodecahedral, tetrahe direction perpendicular ths than those in other directions,

hedral, and oxygen sites because of the small deviation frarhich indicates that the thermal vibrations are restrained be-

cubic symmetry. The same situation was also seen in the birgeen dodecahedral (MY and tetrahedral (8) cations be-

fringent silicate garnet havinigh/acd symmetry reported by cause of the strong repulsive force between the cations.

Griffen et al. (1992). Consequently, to shield this strong repulsive force, the shared
Except for one case wherein additional Jahn-Teller dist@dgesd,s (2.475-2.495 A for each specimen) are considerably

tion was indicated, the symmetry reduction for all lower synshorter than 2 (2.76 A), where, is ionic radius of oxygen

metric garnets reported by previous studies (e.g., Takéuchi e(8hannon 1976). Such a shielding effect is revealed in the elec-

1982; Kato and Kumazawa 1985; Fujino et al. 1986; Sawamaton density distribution. In the difference Fourier map (Fig.

1987; Angel et al. 1989; Griffen et al. 1992; Hazen et al. 1998), the maxima of the two positive residual peaks with height

has been attributed to cation ordering on nonequivalent octab&0.9 eA2in the field between dodecahedral ®)@nd tetra-

dral and/or dodecahedral sites connected with the difference bedral (Si) cations are clearly observed at distance of 1.39 A

tween cation sizes on mixing sites. However, this is not the cdisen the dodecahedral cation (kg A “bridge” of electron

for the majorite solid-solution i,/acdphase(0.3& x< 0.64) density is formed by the connection of these residual peaks.
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oxygen The formation of the bridge is energetically favorable owing to
" the relaxation of the strong electrostatic repulsive force between

dodecahedral (M) and tetrahedral (8) cations. Hence, the

shielding effect will be accomplished by the formation of the

- @ bridge.
@ Mg-O (ds), Mg-O (dso), (Mg, Si, Al)-O (@), and Si-O ¢.)
@@%a bonds of the specimet= 0.05 have covalencies of 18.3, 23.0,
(Mg,Si,Al 35.7, and 53.5% respectively, according to the formulation of
Brown and Shannon (1973). Because the Si-O bond is more
% covalent than the remaining bonds, the atomic orbitals of Si
&\ contribute more greatly to the formation of molecular orbitals
/’® forming the bridge than those of Mg. We now consider how a
@ (B\W superposition of molecular orbitals formed mainly by interac-
dodeca tetra tions between atomic orbitals of Si and O atoms could produce
(Mg) (Si) the residual peaks forming the bridge. Molecular orbital calcu-
lations for the Si@ cluster using the DV-® method have been
carried out by Adachi (1991). The “orbital populations” for

M

@~ @ each valence level, which are the proportion of the atomic or-
\\\\ ‘%‘/ bital components included in the molecular orbitals, are listed
o:a‘\\@ in Table 6. The 4a3t,, 5a, and 44 orbitals are considered to
(Mg,Si,Al be the bonding orbital formed by interaction between atomic
orbitals of Si and O atoms, whereas the 1ga5td 1forbitals
@ are considered to be nonbonding molecular orbitals that are

essentially contributed only by 2p(O) orbitals, although 1e and

FIGURE 4. Thermal motion of dodecahedral, octahedralgt, orhitals have a slight contribution of 3d(Si) orbitals. In par-
tetrahedral, and oxygen atoms in the specimer0.05 projected on i jar the 1f orbital corresponding to the highest occupied
(010). Atoms are drawn as ellipsoids of 99% probability (ORTE'rDﬂoIecuIar orbital, is a nonbonding molecular orbital contrib-
uted only by 2p(O) orbitals without any contribution from other
atomic orbitals. Because the maxima of residual peaks form-
ing the bridge are not on the Si-O bond as seen in Figure 5 and
will hardly contribute to the formation of the bond, origin of
the bridge of electron density observed in the field between
tetrahedral and dodecahedral cations is considered to be a su-
perposition of nonbonding molecular orbitals formed essen-
tially by 2p(O) orbitals, i.e., 1e, HStand 1t orbitals. Thus, the
strong electrostatic neighboring cation-cation interaction ob-
viously exists in majorite solid-solution as seen in the atomic
thermal motion (Fig. 4) and is relaxed by contact between 2p
orbitals of O atoms forming the polyhedral shared edges.

A large positive residual electron density with height of 1.4
eA-2is clearly observed at the center of Si-O bomigsif Fig-
ure 5. The electrons could be provided from the bonding mo-
lecular orbitals 4a 3t,, 5a, and 44 in Table 6. The existence of
this bonding electrons means that Si-O bond is rigid because
of the strong covalency as seen in many silicates; this is con-
sistent with a nearly constant Si-O distances vs. composition
in Figure 3.

Johnson 1965).

FIGURE 5. The section of the difference Fourier map on the plarieaBLE 6. Orbital populations for each valence level of SiO%

which contains the two O atoms forming shared edyg @nd cluster (%)*

tetrahedral (Si) and dodecahedral (Mg) cations in the specirwens Molecular orbitals

0.05. Small solid circles represent the atomic positions. The cont@@gmic orbrars LEN 3t, 5a, 4% Te 5%, TG,
interval is 0.2 e&. Positive contours are solid lines. Negative an@s(Si) 8 - 13 - - - -
zero contours are short and long dashed lines, respectively. The @3 - ‘2‘ B 101 g g -
surrounded by the rectangular frame shows the “bridge” of electron

density. Solid triangle is the maxima of positive residual peaks formizg(o) 86 93 1 3 - 0 -
the “bridge.” Solid square represents the maxima of positive residgalO) 5 1 7% 87 95 94 100

peaks corresponding to the bonding electrons on Si-O bonds. * After Adachi 1991.
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cation-cation distances.] However, both molar volume and (O-
O)shared (O-O)unsnaredfOr €aCH polyhedron decrease with the sym-
metry reduction fromia3d to 14,/acd, although the decrease in
(O-Okharcd(O-OlnshareaiS Slight. This suggests that the crystal
structure of the majorite solid-solution is energetically stabilized
by the increase in the shielding effect (i.e., the decrease in the
cation-cation interaction) with the symmetry reduction, and con-
sequently the shortening of the cation-cation distances (i.e., the
decrease in molar volume) is acceptable because of the decrease
14,/a in the cation-cation interaction.
{tetragonal) We can now interpret the symmetry reduction that cannot be
] explained by cation ordering on the octahedral sites. The site
. splitting due to the symmetry reduction fréam3d to14,/acdhas
the effect that one of the site symmetries of the two nonequivalent
tetrahedral sites in,/acd structure (16e-site; site symmetry 2)
loses a center of symmetry (Table 5). Furthermore, dodecahe-
T dral and tetrahedral cations deviate from the special positions
0.0 0.5 1.0 in cubic symmetry 163d) with the symmetry reduction, al-
. : . though the octahedral cation maintains the special position
X in Mgs(Mg,SixAlz-24)S13012 (Table 5). On the basis of this evidence, the electronic polar-
FIGURE 6. Compositional dependence of the ratio of the shared %a‘tion of the dodecahedral and te”a_hecjral Eations is probably
the unshared O-O distances in each polyhedron in majorite solff?® réason for the symmetry reduction fra8d to 14,/acd
solution. Solid circle = dodecahedral sithg{dsy); solid square = The electronic polarization may be induced from the deforma-
octahedral sitedgy/ds,); solid triangle = tetrahedral sitd,¢d,;). The tion of orbitals caused by the strong electrostatic interaction
ratios (O-O)nared(O-Olunshareain 144/acd structure are calculated from between dodecahedral and tetrahedral cations described above.
the averaged values of nonequivalent (Qz£distances and those of Such deformation of orbitals will arise so that the increase in
nonequivalent (O-Q)areqdistances in4,/acd structure regarded as the shielding effect, i.e., the relative shortening of the polyhe-
the equivalent ones a3d structure. The ratio (O-Q)el(O-O)nsnares  dral shared edges seen in Figure 6 is brought about with the
in dodecahedron is plotted by the ratio of the edge lemgihshared - o ety reduction, to relax the strong cation-cation interac-
with different dodecahedron to the shortest length) ©f the three . .
symmetrically nonequivalent unshared edghs é,, andds) in la3d tion. Con.sequently, the degree of the overlapplng.between the
nonbonding molecular orbitals regarded as the bridge of elec-
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- 1 dgg/dg (dodeca) :ii

e
— EEEE
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0.96

Yool
A)
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1
T (T T T
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structure.
tron density in Figure 5 will increase with the symmetry re-
duction fromla3d to I14,/acdbecause of the relative shortening
Effect of the neighboring cation-cation interaction on of the polyhedral shared edges; this will contribute to the ener-
symmetry change getic stabilization of the crystal structure of majorite solid-so-

The ratio of the shared to unshared O-O distances has ##ion due to the decrease in the cation-cation interaction. Thus,
ferent dependences on composition for the culaidj and the electrostatic neighboring cation-cation interaction is con-
tetragonal phases4(/acd) (Fig. 6). The ratiosly/de;, dss/dss, sidered to play an important role in the symmetry reduction
andd,/d,; in 1a3d phase are nearly constant, whereas thosefl@m la3d to 14.,/acd
14,/acd phase are slightly lower and decrease with increasing
MgSiO, component (i.e., with increasing the octahedral vol- ACKNOWLEDGMENTS
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