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Abstract

The crystal structures of the spinel polymorphs of Fe,SiO, and Ni,SiO, have been investigated in
detail using single crystals synthesized at high pressures and high temperatures.

Fe,Si0, spinel with a = 8.234(1)A had an approximately normal spinel structure. The site oc-
cupancy refinement indicates that 2.3 = 1.0 percent of the total silicon atoms are found in the octa-
hedral sites. The u-parameter is 0.3658(2). The final R’ value is 0.025 for all 128 observed reflections.
The average Si—O and Fe-O distances are 1.652A and 2.1371&, respectively.

Ni,SiO, spinel with a = 8.044(1)A also had a normal spinel structure. Only 0.5 = 1.2 percent of
the total silicon atoms are octahedrally coordinated. The u-parameter is 0.3687(2) and the final R’
value is 0.028 for all 116 observed reflections. The average Si-O and Ni-O distances are 1.654A and

2.063A respectively.

Introduction

The olivine polymorph of ferromagnesian ortho-
silicate, (Mg,Fe).SiO,, is believed to be the most
abundant mineral in the earth’s upper mantle. The
olivine-spinel transformation of orthosilicates has
been intensively investigated in view of its great
importance in interpreting the rapid increase .in
seismic wave velocities at depths of around 400 km in
the mantle. Following the first successful synthesis
of the spinel polymorph of Fe,SiO, (Ringwood, 1958),
many other orthosilicates, e.g. Ni;SiO, (Ringwood,
1962), Co,Si0, (Ringwood, 1963), Mg,SiO, (Akimoto
and Ida, 1966; Suito, 1972; Ito, unpublished data)
have been found to transform into spinel structure
at high pressures and high temperatures.

The structural basis of the olivine-spinel transfor-
mation was first given by Kamb (1968). The stability
of silicate spinel was also discussed by Syono, Toko-
nami, and Matsui (1971) on the basis of crystal field
theory. Although exact information about coordinates
of oxygen atoms and distributions of cations among
metal-ion sites is indispensable for a detailed dis-
cussion of stability, only a few structures of silicate
spinels have been refined by the X-ray diffraction
method. Ma (1972) attempted to determine both
cation distributions and the oxygen parameter in
Ni,SiO, spinel from powder diffraction data. Recently,
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Morimoto et al (1974) studied for the first time the
crystal structure of the spinel polymorph of Co,SiO,.

In the present study, the crystal structures of the
spinel polymorphs of Fe,SiO, and Ni;SiO, have been
refined from single crystal X-ray data. This may
contribute to a better understanding of the silicate
spinel structure.

Experimental
(a) y-Fe,SiO,

Crystals of the spinel polymorph (y-phase) of
Fe,SiO, were synthesized from the olivine phase
of Fe,SiO, at high pressures and high temperatures.
Initially, a mixture of Fe,O; and SiO, powders in the
orthosilicate ratio was formed into a tablet and heated
at 1150°C for about three hours under a controlled
atmosphere. The control of partial pressure of oxygen
was obtained by the mixed gas technique, using the
CO,-H, system with a mixing ratio of CO, to H,,
Pco,/Pu,, of 1/1. Fe,SiO, thus synthesized was
found to be a single-phase material with the olivine
structure. Then dark green, granular y-phase crystals
were obtained from the olivine phase at 75 kbar and
1500°C using a tetrahedral anvil, high-pressure
apparatus with graphite capsules. The cell dimension
and the space group, Fd3m, obtained from preliminary
measurements of precession photographs, confirmed
the crystal to be v-Fe,SiO,. An accurate cell dimension
of 8.234(1)A was determined from powder diffraction
data.
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A nearly spherical crystal (0.18 mm in diameter)
was used for the intensity collection. Diffraction
intensities were measured by the w-scan technique
with a RIGAKU automatic four-circle diffractometer
using MoKa radiation which was monochromatized
with a graphite plate, up to 26 = 90°. The scanning
speed was 2°/min, and scanning was repeated up to
three times when the standard deviation of a structure
amplitude due to the counting statistics, o(|F|), was
larger than 2 percent of the amplitude (|F|). The
scanning width was 2.5° for all reflections. The
w-scan technique was employed because of the rather
broad diffraction width. The intensities were corrected
for Lorentz, polarization, and absorption factors
assuming a sphere of 0.18 mm in diameter for the
crystal shape. Extinction corrections were made in
the course of refinement. In total, 150 independent
reflections were measured, among which 22 had zero
intensity. The remaining 128 reflections were used
for the structure refinement.

(b) v-Ni,SiO,

Starting materials used to synthesize y-Ni,SiO,
crystals were a mixture of silicic acid and NiO. NiO
was obtained by heating nickel nitrate at 500°C.
Crystals of the spinel polymorph of Ni,SiO, were
synthesized at 55 kbar and 1400°C using these
starting materials and the tetrahedral anvil press.
Nickel capsules and a graphite heater were used for
the high-pressure and high-temperature experiments.
The crystals obtained were finer grained than the
v-Fe,Si0, crystals and were green in color. The cell
dimension which was determined from the 26 angles
of seven reflections measured on a four-circle dif-
fractometer was 8.044(1) A.

Intensities were collected and converted into
structure amplitudes in a manner similar to that
described for the previous experiment with y-Fe,SiO,.
The following are the main differences in data collec-
tion. (1) The size of the crystal used is 0.08 mm in
diameter. (2) The w — 26 scan technique was adopted,
and the scanning width was determined according to
the formula, 1.4° + 0.6° X tan 6. In all, 127 reflections
were measured, of which 11 reflections have zero
intensity. The remaining 116 reflections were used in
the structure refinement.

Structure Refinement

Structural refinements of y-Fe,SiO, and v-Ni,SiO,
were calculated using a local version of a full-matrix
least-squares program LiNus (Coppens and Hamilton,
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1970). The first stage of the program refined for each
crystal the so-called wu-parameter (the positional
parameter of oxygen atoms), individual anisotropic
temperature factors, and the scale factor assuming
a normal spinel structure. The R’ value ([(Z | |F,| —
|F.| |%)/Z |F.|*1'"*) was reduced to 0.037 for y-Fe,SiO,,
while the value remained at 0.093 for 4-Ni,SiO,.
Then, the isotropic extinction parameter was intro-
duced into the calculation, yielding R’ values of 0.026
and 0.028 for v-Fe,SiO, and v-Ni,SiO, respectively.
The rather small extinction effect observed in the
v-Fe,Si0O, crystal agrees with the broader reflection
width.

The cation distributions over the tetrahedral and
octahedral sites were examined by changing the
population parameter, «, in the expression (M,_,,
Si.)(Si;_,, M,)O,, where M stands for Fe or Ni.
The least squares refinements initiated with & = 0
converged to a = 0.023(10) for v-Fe,SiO, and to
a = 0.005(12) for -Ni,SiO,, giving R’ values of
0.025 and 0.028 for the respective crystals. Since «
shifted very little from the value of the ideally normal
spinel structure in both crystals, it was uncertain if
the refinements converged to real minima, or if they
stopped at subsidiary ones near the initial «-value.
To check this, each structure was refined at several
fixed a-values and the R’ values comipared. The result
is shown in Figure 1. Clearly, the a-value obtained
with the least-squares procedure gives the best fit
between observed and calculated structure amplitude
in both crystals.

In the above refinements, the atomic scattering
factors of Fe®*, Ni**, and Si** were taken from
International Tables for X-ray Crystallography, Vol. 3
(1962). The values used for O®~ were those given by
Tokonami (1965). Unit weight was assigned for all
the reflections in the least squares calculations. The
final parameters are listed in Table 1, and the observed
and calculated structure amplitudes are compared in
Table 2.

Discussion

In both crystals, the wu-parameter is markedly
smaller than 0.375, corresponding to the ideal closest-
packed arrangement of oxygen ions and contrary to
ordinary normal spinels. This particular property of
silicate spinels was first suggested by Kamb (1968)
and recently confirmed experimentally by Ma (1972)
in y-Ni,SiO, and by Morimoto et al (1974) in ~-
Co0,S8i0,. Kamb calculated the value of 0.365 for the
u-parameter of y-Fe,SiO, from the cell constant by
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Fic. 1. R’ factors are plotted against population parameters,
a, in the expression (Ms_q, Sig)(Sii—a, M,)O4, where M stands
for Fe or Ni. Solid square and open square are the results of
least-squares calculations for Fe,SiO, and Ni,SiO, respectively.

assuming the Si-O distance to be 1.634 A, the same as
in the olivine form. The u-parameter is in surprisingly
good agreement with the experimental one of 0.3653(2)
obtained in this study. The small discrepancy is due to
a slight expansion of SiO, tetrahedra in the spinel
form. The u-parameter of y-Ni;SiO, is 0.3687(2) and
is a little larger than the value, 0.367(3), determined
by Ma (1972) from powder diffraction data.

In Figure 2 the u-parameters of three silicate spinels,
v-Fe,Si0,, v-Co0,Si0,, and ~-Ni,SiO, are plotted
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against cell dimensions. As seen from Figure 2, the
u-parameter decreases with increasing cell dimension.
Since Si-O distances are more or less the same in these
silicate spinels, the observed correlation suggests that
the u-parameter and cell dimension change signifi-
cantly with octahedral metal-oxygen distance in
silicate spinels. We can deduce the value of the u-
parameter of y-Mg,SiO, to be approximately 0.368
by interpolation.

Interatomic distances and angles in y-Fe,SiO, and
v-Ni,SiO, are listed in Table 3. As a result of the
small u-parameters, the shared edges of FeO, and
NiO, octahedra are remarkably longer than the
unshared ones. As pointed out by Kamb (1968), this
does not satisfy Pauling’s rule for edge sharing by
coordination polyhedra, and this could be a reason
why silicate spinels are unstable at atmospheric
pressure. The Si-O distances of SiO, tetrahedra are
1.654 A and 1.652 A in v-Fe,SiO, and -Ni,SiO,
respectively, and are slightly longer than the value
1.646 A reported for y-Co,SiO, by Morimoto et al
(1974). Under high pressures, it is likely that the Si-O
distance remains almost unchanged while the M-O
distance decreases more easily. Consequently, the
u-parameter increases gradually, and under very high
pressures the spinel structure becomes stable. How-
ever, we cannot account for the differences of the
silicate olivine-spinel transition pressures in this
manner alone. The transition pressures at 1000°C
from olivine to spinel increase in the sequence

TabLE 1. Final Atomic Coordinates, Anisotropic Temperature Factors, and Extinction Parameter in y-Fe,SiOs and v-Ni,SiO,

Atom ocgi;:ncy X Y Z Rae Baa By B12 Byy Bas
Y-Fe,510, G = 0.049(5) x 10%

mo E2 0-3830) 5/ 5/8 5/8 0.0015(1) 0.0015(1) 0.0015(1) =-0.0001(1) -0.0001(1) =0.0001(1)

™ B puk 0 0 ) 0.0010(1) 0.0010(1) 0.0010(1) 0 0 0

o 0.3658(2) 0.3658(2) 0.3658(2) 0.0015(1) 0.0015(1) 0.0015(1) =0.0001(1) =-0.0001(1) =-0.0001(1)
Y-Ni,sio, G = 0.925(59) x 10%

no N0.99006) 5/ 5/8 5/8 0.0013¢1) 0.0013(1) 0.0013(1) =0.0003(1) -0.0003(1) =-0.0003(1)

I 0 0 0 0.0011(2) 0.0011(2) 0.0011(2) 0 0 0

o 0.3687(2) 0.3687(2) 0.3687(2) 0.0014(1) 0.0014(1) 0.0014(1) 0.0005(3) 0.0005(3)  0.0005(3)

M and T represent octahedral and tetrahedral sites respectively.

The following constraints are required from the symmetry :

for all the atoms, and Bi12 = Bz3 = B3y = 0 for the T-atom.

Bi1 =

B22 = Bas and Biz2 = Ba23 = Bs1




SPINEL POLYMORPHS OF Fe:SiO, AND Ni.SiO,

489

TABLE 2. Observed and Calculated Structure Factors 0.3691
(a) v-FesSiO, Nig04
H K L Fo Fc H K L Fo Fc H K L Fo Fc [
] a 4 J8l.88 3B4.22 i # 13 38.16 16,24 3 9 9 56.46 55.37
) L] 8 2B2.61 287.22 1 1 11 40.54 40,19 3 % 11 33.10 32.13
Q 4 12 110.63 113.50 2 p 4 13%.08 133.97 3 g 13 15.90 14.25 oz
1] @ 16 108.58 113.39 K 2 4 64.63 65.91 3 11 1n 69,81 68.42 W
Q F 2 79.65 80.16 2 2 # 130,17 130.30 4 4 4 227,71 226.12 =
0 F 6 51.28 55.94 : 2 B 45.B4 47.51 4 4 6  1.29 .45 W g3e?r Co. SIO.
o i 10 40.27 40.67 H 1 10 90.00 91,24 4 4 8 228.84 225.43 = Ol 4
o z 14 20,76 20,24 2 12 28,29 28.58 4 4 12 101.21 100.08 <
] 4 4 408,19 408.12 d 2 63.70 66,11 ‘4 6 [ 36.28 36.44 o
] 4 8 163.86 164.93 i 2 16 17.44 17.78 i 6 10 35.50 35,57 &
'] 4 12 160.01 161.58 a 4 4 6.57 5.51 4 6 14 11.70 12.12 >
0 6 6 52.69 53.42 Z 4 & 52,91 55,00 4 8 B 115.37 113.91 S5 | Fe;5i04
a i 10 26,05 24,27 2 4 8 7.68 6.23 i 8 10 8.05 3.47
a & 14 26.89 27.01 F 4 1o 31.30 31.97 4 8 12 126,14 126.94
a ] 8 191.41 1687.79 2 4 14 24.12 23.72 4 5 5 89.65 88.28
[:] $ 12 91.44 90.19 F # & 105.95 107.85 5 5 7 18.86 39.14
0 10 10 32,12 32,28 z & i} 37.24 36.45 3 5 9 14,53 14.52
1 i 1l 103.45 102.84 2 & 10 78.986 79.72 3 5 11 70.51 71.69
1 1 3 227.33 219.59 2 & 12 26.53 25,63 5 5 13 40.17 39,02
1 1 5 151,37 150.77 2 & 14 60,77 6€1.22 3 7 7 95,94 94.d4 0365 4
ol AR S R T B L A < ' 830
I 1 11 %687 96.44 2 om0 13 1111 10030 3 v 13 1a91  s0Ton 8.00 B.10 820 '
oo oW Tl B oma oz oo g oue 2
13 '3 207051 113075 3 1o 12 18.37 17.37 3 11 11  en.16  eles LATTICE CONSTANT (A)
1 ] S 61.77 64.79 3 3 3 208.40 205.16 B 19 6 90.20 91.01
13 2 ‘svos SvEl 30} F UL owper b o e i latti tant e for silicate
Lo 49041 50:55 1 3 3 646 3688 & 6 12 19.25 15.69 .FIG' 2. U-parar}'neter versus lattice cons an_ cury .
D313 e enn 3 o3 b sed Mg f ¢ seer =m0 ghinels. For CosSiOs we used the data obtained by Morimoto
1  } 5 37.32 36.53 k] 1 15 40,89 41,46 & 10 10 61.73 60,80
1 5 7 116.75 116.30 305 5 114.09 115.32 T 7 7 56.10 55,12 et 01(1974).
1 3 9 72,55 73.01 3 5 7 54,18 53.72 7 7 9 36.56 32,8)
i 5 11 40.84 40.61 3 5 L] 26.20 25.74 7 7 1 76.59 76.28
1 5 15 58.60 60,35 3 5 11 B82.58 82,31 7 7 13 46,90 48.09
1 T 7 60,69 58.50 b | 3 1) 49.77 48.73 T 9 9 22.58 22.03
1 7 a1 o s 3 3% b LR o gem s S . i
107 13 s0.m2 51199 1 7 & 73,07 78.84 B 10 10 21.se siien tion, it mlght be said that the two results are consistent.
1 L] 13.88 14,36 3 7T 11 49,71 49,11 3 9 9 7.71 7.47 n
L 8 11 62.05 62,85 1 7 13 24.26 23.89 The distribution of cations over tetrahedral and
octahedral sites may depend on crystal preparation
(b) ¥-Ni,SiO, conditions. According to the investigation by Mori-
moto et al (1974), y-Co,Si0Q, is also estimated to be
H X L Fo Fe H K L Fo Feo H K L Fo ro 3
5 o 1; ggg g; gean 1 Jé 1 Ai:ii 12?:§§ ¢ 5o }?:%E ;yg; perfectly normal spinel. Alternatively, fror2n+ .the
o . .07 . . o - .
B b e Dol o3 L % 1% 38 wtl present investigation, a very small amount of Fe** ions
03 & s o d.iae uo B B ] sy e 4t s in th Fe.SiO
b okoas el Snds 3P 1 W% MM i 3 %2 gseem to be replaced by Si*" ions in the 4-Fe,SiO,
O F M oarn AU R 3N R MR o¥3nogy gy S he ~-Fe.SiO tals were synthesized
fdg e g1 fE s Lo 28 Eh crystal Sinoe the yFe;SiO, crystals were sy
o 4 . . 31, 5 T . . .
i 1§ 35:21 HE I liz:ég w3 :; §§§§ §§§§ at higher pressures a.md temperat.ures than .the Y
T aeaias aekoes $ R w0 e o e b 100,91 101.54 N12$104 crystals, mixing of two kinds of cations in
a # 12 106.98 106.55 2 6 12 23.72 3.7 & 3 8 ;égg ;égg . 3 . ld b
PR S RS 1 Dk 3 8l ¢ f % 183 crystallographically equivalent positions wou, e
L1 3 232,11 232,78 3 10 10 €9.61 §B.42 E 18 {3 :é:_ll é:-ga k o th f Substanoe than in
i { ; ’gg:fi ‘%i I o arh G i more likely to occur in the former
.19 - 161.1 7 . . . . . . .
Jt Lo an i 3 AT "j;-?g  pu i o the latter. The slight difference in cation site occupancy
13 ‘g 13352 1§§ é; 3 4 ié 3§§§ S 18 ' asus a5 between  v-NipSiO, and +-Fe,SiO, is probably
13 . 8 3 2 43, 4E. 03 . - . .
IR e A 8 meaningful, although the determination is rather
. 3 5 . 17.49
; H ig ég:ié’ HIEHE }3 1;5;{2 St dependent on the accuracy 9f the values used for the
I AT I I S P relevant ions’ atomic scattering factors.
1 5 9 84,17 84,27 3 7 11 51,60 an. 71
1 5 11 45.75 46,01 3 713 31.86 30.462
H 5 1) 21.57 22.36 3 9 9 61,33 §2.65
i 5 15 61.15 66.29 3 5 11 38.57 .51
3 s G wd 3H N o ln . .
PR S8 Bl ok 4 A UG TabLE 3. Interatomic Distances and Angles in y-FeSiO, and
1 3 n o s 4 F 5 e mal 7-Ni:Si0,
1 % 13 41.76 45.09 L] i 14 18.97 15,08
y-l&‘eZSiO4 *(-Nizsio4
SiO4 tetrahedron
5 e . . . 5i-0  [x4] 1.652(2)A 1.654(2)R
Ni,SiO,, Fe,Si0,, Co,Si0, and Mg,SiO,. As sug- % % 2.697(2) 2.701(2)
gested by Syono et al (1971), it would be necessary to 0-51-0 [x6] 109.5(1)° A0SESHI®
consider the crystal field effect in a discussion of the
e MO, octahedron
transition pressure. 8 6] 213k 2,063
The site occupancy analysis of -Ni,SiO, showed 0-0 (shared edge) [x6] 3.125(2) 2.987(2)
3 q D - .9 2 2.846(2)
that the crystal is practically pure normal spinel. o o R [l SR e
oy - i mean - B
Ma (1972) reported that 8 = 6 percent of silicon ions 0-M-0 [x6] 94.0(1)° 92.8(1)°
in y-Ni,SiO, are in octahedral coordination. However, 0-4-0 [x61 86.001)° 87.2(1)°
0-M~0 (mean) 90.0° 90.0°

in view of the large probable error in his determina-
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