
Introduction

The spinel form of magnesium-iron orthosilicate,
(Mg,Fe)rSiOo, is believed to be a major rock-forming
mineral in the mantle (Ringwood, 1958a). An under-
standing of the crystal chemistry of silicate spinel,
therefore, is important in defining the equation of
state of the solid earth. The olivine/spinel phase
transition (Ringwood, 1958b) is a reconstructive
transformation that has been the subject of numerous
experinental and theoretical studies (for a review,
see Wyllie, 1970, p. 123-l 30).

The space group of silicate spinels is Fd3m, Z : 8.
For the standard origin at a center of symmetry, the
three atoms in the asyrrmetric unit are R2* at (l/2,
l/2,1/2), Si at (l/8,1/8,1/8), and O at (u,u,u) with z
= 0.24. Two parameters, the oxygen positional pa-
rameter u and the cubic cell ed,ge a, are sufficient to
define completely the crystal structure of a silicate
spinel.

Both the olivine and the spinel forms of Rl*SiOo
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have Si in tetrahedral coordination and R'* in oc-
tahedral coordination. Kamb (1968) demonstrated
that an inportant di-fference between these two struc-
tures is the type of edge-sharing between cation poly-
hedra. Unlike the olivine form, the spinel form has
no edges shared between tetrahedra and octahedra.
In the silicate spinels, furthermore, the edges shared
between octahedra are longer than the unshared
edges as a result of the oxygen positional parameter,
u,beingless than l/4. AX spinel structures stable at I
bar have u Ereater than l/4. Kamb further suggested
that the ratio of octahedral to tetrahedral metal-oxy-
gen bond instances, d"/d,, w111. be important in the
stabilization of a given phase. If this ratio is greater
than some critical value, the olivine structure is stabi-
lized, whereas if it is less than that value, spinel is the
stable form. Changes in temperature, pressure, or
composition alter the bond-distance ratio. Syono et
al. (1971) noted that crystal-field effects for transi-
tion-metal ions are an additional factor influencing
the olivine/spinel transition.

To test the Kamb model it is necessary to deter-
mine the crystal structures of olivine and spinel un-
der the conditions of transformation. The data for
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Abstract

The lattice parameters and crystal structures of the spinel form of NirSiOa have been deter-
mined at various pressures using a miniature diamond pressure cell and, at one atmosphere,
at elevated temperatures. The crystal structure of the spinel form of FerSiOo has been refined
from data measured under room conditions. All refinements have weighted residuals in the
range 1.4 to 2.4 percent. The oxygen positional parameter, z, increases with higher pressure
or lower temperature. The relationship between z and unit-cell edge, a, is essentially linear.
The Si-O distance is approximately constant with a value of 1.66,4, for all temperatures, pres-
sures, and compositions. Thus thermal expansion and compression of silicate spinel is mostly
due to changes in the octahedral site. The polyhedral bulk modulus is l.7t0.l Mbar for the
Ni-O octahedron and is greater than2.5 Mbar for the Si-O tetahedron.

Modification of the temperature factor model to include nnharmonic terms greatly reduces
the residual electron density for NirSiOo; however, similar factors for FerSiOo are not stgnifi-
cant.
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olivine at high t€mperature (Smyth, 1975; Smyth and
Hazen, 1973) and at high pressure (Hazen, 1977)
have been presented; however, analogous data for sil-
icate spinels have not been reported.

The crystal structures of 7-FerSiOo and y-NirSiOo
were reported by Yagi et al. (1974). and 7-Co,SiOo
was described by Morimoto et al. (1974). These
room-pressure studies of metastable single crystals
yielded anomalously high Si-O distances (=0.03e
larger than in olivines) and short R'*-O distances
(=0.03R shorter than in olivines). Additional experi-
ments by Marumo et al. (1974, 1977) revealed sys-
tematic residual electron densities near the positions
of R'* cations.

The principal objectives of this study are

(l) to determine separately high-pressure structures
and a high-temperature structure of 7-NirSiOo,

(2) to compare olivine and spinel structures near
conditions of transformation, and

(3) to determine the cause of electron density residu-
als near the octahedral cation.

Experimental

Specimen description

Single crystals of synthetic iron and nickel silicate
spinels were selected from material synthesized in a
tetrahedral anvil high-pressure apparatus. The mate-
rial was also used in previous room-condition refine-
ments of the structures (Yagi et al.,1974). The condi-
tions of synthesis were 75 kbar and 1500"C for
Fe,SiOo and 55 kbar and 1400'C for Ni,SiOo.

The measurements of integrated intensities were
performed with the computer-controlled, single-crys-
tal diffractometer described by Finger et al. (19'73).
Molybdenum radiation (1, : 0.70926A) and a 0-20
scan technique were used, with the background
counting time and scan rate adjusted to yield a con-
stant ratio of the intensity to its standard deviation
(or) computed from counting statistics. Two standard
reflections were remeasured every 2 hr to test for
drift. For the measurements under room conditions.
one octant of reciprocal space was measured to a
maximum sinOltr of 0.9 with a value of 0.01 for o,/1.
At high temperature, one octant of reciprocal space
was measured to a maximum sin 0/A of 0.75. The
preferred value of o,/I was 0.02. At high pressures,
the intensity measurements included all accessible re-
flections in a hemisphere of reciprocal space with sin
d/A less than 0.7. The preferred value of o,/I was

0.02, and all intensities were measured using the
fixed-q mode of data collection (Finger and King,
1978). AU intensities were corrected for absorption
by the diamond cell, if appropriate, and for absorp-
tion by the crystal (F,: 148.1cm-' for Ni,SiOo and
106.3 cm-' for Fe'SiOo).

H i gh- p re s su re t e chnique s

One iron- and three nickel-silicate spinel single
crystals approximately 70 x 70 x 50 pm were
mounted in diamond-anvil pressure cells (Merrill
and Bassett, 1974) using Inconel 750X (International
Nickel Company, Inc.) gaskets and water * glycerin
(crystal I and iron spinel) or 4: I methanol-ethanol
(crystals 2 and3) as the fluid-pressure medium. Ruby
crystals less than l0 pm maximum dimension were
included in the mount, and pressures were calibrated
using the pressure shift of the R, ruby line (Pierma-
rini et al., 1975). For each experiment, the pressure
and unit-cell dimensions were measured, X-ray in-
tensity data were collected, and the pressure and
unit-cell dimensions were remeasured. Pressures and
unit-cell dimensions measured before and after data
collection agreed.

Details of procedures for crystal mounting, crystal
centering on the four-circle diffractometer, and unit-
cell determination are given by Finger and King
(1978) and Hazen and Finger (1977a).

H i gh- t emp er ature t e c hnique s

Mullite wool was used to pack the crystal of
NirSiOo in an open capillary of fused silica that was
mounted on an alumina ceramic rod with ground zir-
conia and Zircoa Bond 6 as a high-temperature ad-
hesive. The cement was cured at 200"C for several
hours; then the assembly was mounted on the single-
crystal diffractometer, and the unit-cell dimensions
were measured at several temperatures (Table l)
with the computer-controlled furnace described by
Finger et al. (1973). Although all heating was done
with the crystal in air, no degradation of the sample
was observed.

Refinement

All sets of measured intensities included observa-
tions from several reflections related by symmetry,
which were averaged before refinement. The least-
squares program RrINe (Finger and Prince, 1975)
was used for all refinement calculations. Neutral
scattering factors (Cromer and Mann, 1968) and
anomalous scattering coefficients (Cromer and Liber-
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Table l. Refinement conditions, refined parameters, and selected distances and angles for silicate spinels

N i 2 s  i o 4 F e 2 S i 0 4

P  ( k b a r )  0  0 0 1  0 . 0 0 f *  0 . 0 0 1  1 1 . 2 ( s )  2 2  s ( 5 )  3 r . o ( 5 )  3 6 . s ( s )  3 8 . 2 ( 5 )  0 . 0 0 1
?  ( " c )  2 3  2 3  7 o o ( 1 0 )  2 3  2 3  2 3  2 3  2 3  2 3

N o .  o f  r e f l e c t i o n s  1 2 9  1 3 1  6 6  3 8  5 8  5 1  6 3  3 8  1 3 8
No. of observat ions** 772 111 58 32 49 48 47 32 72I

R * * * a 1 l d a t a  2 4  4 - 6  2 9  4 . 9  4 . 5  5 0  6 3  5 . 1  1 . 9
w R t  a f l  d a t a  1  5  2 . 0  1 . 9  2 . I  2 . 2  2  5  2 - 6  2 . 6  I  4

R o b s e r v e d  1 5  2 9  2 . O  3 3  2 - 3  2 7  3 . 0  4 0  I . 5
F R  o b s e r w e d  I  4  1 . 9  1 . 8  1 , 9  1 . 8  1 . 9  2 . 2  2 . 4  1 , 3

O x v s e n  u  0 . 2 4 3 9 ( 1 ) t t  o . 2 4 4 r ( 2 )  0 . 2 4 3 5 ( 2 >  o . 2 4 4 o ( 4 )  0 . 2 4 4 1 ( 3 )  0 . 2 4 4 2 ( 3 )  o . 2 4 4 s ( 4 )  a . 2 4 5 o ( 6 )  0  2 4 0 9 ( 1 )
E x t i n c t i o n  f a r a m e t e r ,  2  0 4 ( 8 )  0  7 7 ( 5 )  0 . 1 0 7 ( 7 )  1  9 ( 3 )  I  6 ( 2 )  1  8 ( 2 )  1 , - 6 ( 2 )  1 . 6 ( 3 )  0  0 5 ( 2 )

^  c m  ( ! 1 0 5 )
B M  ( A r )  0 . 2 5 ( 1 )  0  3 0 ( 1 )  1  1 4 ( 3 )  o . s 4 ( 6 )  0 . 4 3 ( 4 )  0 . 3 9 ( 3 )  o  4 5 ( 4 )  o  s 1 ( 7 )  0 . 4 0 ( 1 )
a s i  0 . 2 0 ( 1 )  0 . 2 3 ( 2 )  0  8 7 ( 4 )  0 . 4 4 ( 9 )  0 . 3 9 ( 6 )  0 . 2 6 ( 6 )  0 . 3 s ( 8 )  0 . s 3 ( 1 2 )  0 . 2 7 ( r )
a o  0 . 3 4 ( 1 )  0 . 4 s ( 5 )  1  2 1 ( s )  0 . 6 s ( 1 0 )  0 . 4 2 ( 6 )  0 . 4 5 ( 6 )  0 . 4 8 ( 7 )  0 . 7 8 ( 1 1 )  0 . 4 1 ( 1 )

s i - o  ( A )  1 . 6 5 7 ( 1 )  1 . 6 6 0 ( 3 )  r  6 6 1 ( 1 )  1 . 6 s 1 ( 6 )  r . 6 5 4 ( 4 )  1 . 6 5 3 ( 4 )  1 . 6 5 7 ( 6 )  1 . 6 6 4 ( 8 )  1 . 6 s 4 ( 1 )
o - 0  ( r v )  2  7 0 5 ( 2 )  2 . 1 r O ( 4 )  2 . 1 1 3 ( 6 )  2 . 6 9 6 ( 7 7 )  2 - 6 9 7 ( 6 )  2 . 6 9 9 ( 7 )  2 . 7 0 s ( 1 0 )  2 . 7 1 2 ( 1 3 )  2 . 7 O r ( 2 )

M - o  2 . 0 6 1 ( 1 )  2 . 0 6 0 ( 2 >  2 . 0 7 8 ( 2 )  2  0 5 9 ( 4 )  2 . 0 5 4 ( 2 )  2  0 5 0 ( 3 )  2 - 0 4 6 ( 4 )  2 . O 4 a ( 5 >  2  7 3 6 ( t )
0 - o  ( s h a r e d )  2 . 9 8 3 ( 2 )  2 . 9 1 8 ( 4 )  3 . 0 1 1 ( 6 )  2 - 9 8 2 ( 1 , r )  2 . 9 7 2 ( 6 )  2  9 6 4 ( 7 )  2 - 9 5 4 ( 7 0 )  2 - 9 4 a Q 3 )  3  7 2 3 ( 2 )
0 - o  ( u n s h a r e d )  2 . 8 4 6 ( 1 )  2 . 8 4 6 ( r \  2 . 8 6 4 ( 1 , )  2 . 8 4 1 ( r )  2  8 3 6 ( 1 )  2 . 8 3 3 ( 1 )  2 . 8 3 1 ( 1 )  2 . 8 3 0 ( 1 )  2 . 9 7 6 ( r )

o - M - o  ( ' )  9 2 . 6 9 ( 5 )  e 2 . 6 0 ( 8 )  9 2 . 8 7 ( 1 0 )  9 2 . 8 ( 2 )  9 2  7 ( r )  9 2 . 6 ( 1 , )  e 2 . 4 ( 2 )  9 2 . 2 ( 2 )  9 3 . 9 3 ( 4 )
o - M - - o  ( " )  8 7 . 3 1 ( s )  8 7 . 4 0 ( 8 )  8 7 . 1 3 ( 1 0 )  8 7 . 2 ( 2 )  8 7  3 ( 1 )  8 7  4 ( 1 )  8 7  6 ( 2 )  8 7 . 8 ( 2 )  8 6 . 0 ? ( 4 )

* D a E a  c o l l e c t e d  a t  t h e  S m i E h s o n i a n  I n s t i ! u t i o n .
* * r  >  2 a .

* * * 1 = : l l r o  -  l r .  / z r o l .
i w e i g h i e d " n  =  1 ; i 1  r o  1  r .  ) 2 / t , t o 2 l l l 2

i + P a r e n t h e s i z e d  f i s r r r e s  r e n r e s p n r  F s d r s  o r

man, 1970) were used for all atoms. An isotropic ex-
tinction parameter (Zachariasen, 1968) was included
in all refinements. The high-pressure refinements
also included use of the "robust/resistant" tech-
niques described by Prince and Nicholson (1978).
These calculations are relatively insensitive to large
systematic errors in the measured structure factors.
Table I lists the number of independent observed re-
flections2 (I > 2o), residuals, and unit-cell parame-
ters for the various experimental conditions. The
room pressure and temperature results include one
set of data measured at the Geophysical Laboratory
and an additional data set measured at the Smithso-
nian lnstitution. No systematic di-fferences are ob-
served.

Previous workers (Yagi et al., 1974;Marumo et al.,
1974, 1977; Morimoto et al., 1974) have found a
slight disorder between the Si and R2* positions, so
an occupancy factor, subject to a constraint of con-
stant chemical composition, was refined for the data
collected under room conditions. [t differed so fittle
from zero that complete cation ordering was assumed
for all further calculations.

Anisotropic temperature factors were refined for
all data sets. The ellipsoid for oxygen is constrained
to be uniaxial with the unique axis along [ll|. At

2 Tables of observed and calculated structure factors are avail-
able from the authors.

room pressure the ellipsoid is an oblate spheroid. For
two of the high-pressure refinements, at I1.2 and 36.5
kbar, the ellipsoid is compressed along I l l] to the
point that the thermal parameters are nonpositive
definite, indicating uncorrected systematic errors in
the data. None of the high-pressure refinements were
significantly improved by refinement of anisotropic
parameters. Results with isotropic thermal factors are
presented in Table l.

Results

Compression of silicate spinels

Unit-cell parameters of nickel and iron silicate
spinels at several pressures are listed in Table 2. Unit
cells are refined as triclinic to detect strain resulting
from nonhydrostatic conditions. All cells are cubic
within three estimated standard deviations except for
NirSiOo crystal I in glycerin plus water at 55 kbar.
Previously reported data on 7-NirSiOa at this pres-
sure (Finger et al., 1977) are probably in error be-
cause of nonhydrostatic stress.

The bulk moduli for these spinels have been ob-
tained from second-order Birch-Murnaghan equa-
tions of state. In the calculations, it was not possible
to obtain l psaningful refinement of the variation of
bulk modulus with pressure [the pressure derivative
of the bulk modulus (r() became very largel. Thus
the value of K' was fixed at 4.0. which is equivalent
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Table 2. Unit-cell parameters for silicate spinels at several pressures'
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P  ( k b a r )  C r y s t a l  N o . a 1  ( A ) a 2  ( A ) a 3  ( A ) o 1  ( " ) c 2  ( " )
" 3  

( "  ) Y (A3) a  ( A )

Ni2s i04

0 . 0 0 1
20 (r. )
2 9  ( r )
55  ( l )  * * *

2 2 ,  5  ( 5 )
3 1 . 0 ( s )
3 6 .  5  ( s )

1 1 . 2  ( 5 )
3 0 . 0 ( s )
3 8 .  2  ( s )

Fe2S i04

0.  001
2 0 ( 1 )
4 0 ( 1 )

8 .  0445 (10)  * *
8 .  0 1 6 6  ( 8 )
8 . 0 r 2 ( 4 )
7 . 9 9 0 ( r )

8 . 0 1 6 9 ( s )
8 .  0082 (s  )
8 .  0 0 3 2  ( 7  )

8 .  0 3 0 5  ( 6 )
8 .  0094 (2  )
8 .  0 0 3 4  ( 8  )

8 . 2 3 8 ( 2 )
8 . 2 O 7  ( 4 )
8 ,  1 8 0  ( 3 )

8 . 0 4 4 4  ( 9 )
8 . 0 1 7 8  ( 8 )
8 . 0 0 8  ( s )
7  . 9 7  4  ( 3 )

8 . 0 1 7 3 ( 4 )
L O O 9 2 ( 4 )
8 . 0 0 4 3  ( 4 )

8 . 0 2 9 6 ( 8 )
8 . 0 0 9 6  ( 2 )
8 . 0 0 0 6  ( 9 )

L  2 3 s  ( 2 )
8 . 2 1 5  ( 9 )
8 .  1 8 4  ( r 1 )

8 . 0 4 3 8  ( 8 )
8 . 0 1 8 7  ( 9 )
8 . 0 1 3 ( 3 )
7 . 9 8 9 ( 4 )

8 . 0 1 6 9  ( 2 )
8 . 0 0 8 6  ( 2 )
8 . 0 0 3 2  ( 2 )

8 . 0 3 0 4 ( 4 )
8 . 0 0 9 7  ( 5 )
8 . 0 0 0 1  ( 4 )

L 2 3 6 ( 2 )
8 . 2 1 r  ( 4 )
8 . 1 8 0 ( 3 )

8 9 . 9 9 6  ( 8 )
9 0 . 0 0 7  ( 1 3 )
8 9 .  9 3  ( 4  )
8 9  . 9 9  ( 4 )

90 .  004 (4  )
8 9 .  9 9 9  ( 3 )
8 9 .  9 9 9  ( 3 )

9 0 . 0 0 8  ( 8 )
9 0 .  0 0 3  ( s  )
9 0 . 0 2  ( 2 )

9 0 .  0 1  ( 2  )
8 9  . 9 7  ( 7  )
8 9 . 9 1  ( 6 )

8 9 . 9 9 5  ( 9 )
9 0 . 0 0 3 ( 1 2 )
9 0 .  0 3  ( 4  )
8 9 .  9 1  ( 3 )

89 .996(4)
8 9 . 9 9 9  ( 3 )
8 9 .  9 9 8  ( 3 )

90 .  003 (s  )
9 0 . 0 0 s  ( 4 )
9 0 . 0 3  ( 2 )

9 0 . 0 1  ( 2 )
8 9  . 9 1  ( 4 )
9 0 . 0 0  ( 3 )

9 0 . 0 0 0 ( 9 )
8 9 .  e 8 8  ( 8 )
8 9 , 9 2 ( 5 )
89 ,96(2)

9 0 . 0 1 2 ( 4 )  5 1 s . 2 8 ( 4 )  8 . 0 1 7 0
9 0 . 0 0 9 ( 4 )  5 1 3 . 6 6 ( 4 )  8 . 0 0 8 6
9 0 . 0 r 1 ( 6 )  5 1 2 . 6 8 ( 5 )  8 . 0 0 3 6

5 2 0 . 5 ( 1 )  8 . 0 4 4 2
5 1 5 . 3 8 ( 9 )  8 . 0 1 7 s
s 1 4 . r ( 5 )  8 . 0 1 1
s 0 9 , 0 ( 3 )  7 . 9 8 4

5 r 7 . 8 2 ( 7 )  8 . 0 3 0 2
5 1 3 . 8 4  ( 4 )  8 . 0 0 9 6
5 r 2 . 3 ( r )  8 . 0 0 1 4

5 5 8  . 7  < 2 )  8 . 2 3 6
s 5 3 . 5 ( 7 )  8 . 2 1 1
5 4 7  . 7  ( 8 )  8  . 1 8 1

8 9 . 9 9 8 ( 2 )
90 .  005 (2  )
9 0 .  0 1  ( 1  )

8 9 . 9 8 ( 2 )
9 0 . 0 9 ( 7 )
9 0 . 0 3  (  6 )

* U n i L  c e l 1  r e f i n e d  a s  t r i c l i n i c .
* * ? a r e n t h e s i z e d  f i g u r e s  r e p r e s e f l t  e s d t s  o f  l e a s t  u n i t s  c i t e d .

to the first-order Birch-Murnaghan equation. The
bulk modulus of nickel spinel is 2.27(4) Mbar, ex-
cluding the 55 kbar (nonhydrostatic) result. For iron
silicate spinel a value of 1.96(6) Mbar was obtained.
Sato (1977) studied the compression of silicate spin-
els with powder X-ray difraction techniques, using
4:l methanol-ethanol as a pressure-transmitting me-
diurr. Her results for a first-order Birch-Murnaghan
equation arc2.23(2) and 1.97(2) Mbar for nickel and
iron spinels, respectively.

y-NirSiOo at high temperature

The lattice parameters of 7-NirSiOo at seven tem-
peratures between 23" and 700'C are recorded in
Table 3. Expansion is linear within experimental er-
rof over this range,

a : 8.041 + 0.000078 r(.c)

and the thermal expansion coefficient is 9.7 x l0-'
oc- ' .

The z positional parameter of oxygen decreases by
two estimated standard deviations between 23" (u:
0.2440+0.0001) and 700"C (u: 0.243510.0002), as
recorded in Table l. The Si-O distance remains con-
stant at approximately 1.66A, and the Ni-O bond ex-
pands from 2.060 to 2.078A. Nickel silicate spinel
thus responds to temperature like most other sili-
cates, with little change in the tetrahedron but signif-
icant expansion ofdivalent cation polyhedra.

Structure of y-NirSiOo at high pressure
Deviations of the unit-cell angles from values re-

quired by symmetry are a sensitive indicator of non-

hydrostatic conditions (Finger and Hazen, 1978).
The preliminary data on iron and nickel spinels (Fin-
ger et al., 1977) are affected by this problem; there-
fore, data on y-NLSiO4 were re-collected on two
crystals at five pressures, using the modffied proce-
dures of King and Finger (1979) and Hazen and Fin-
ger (1977a). Refined parameters and selected inter-
atomic distances and angles are listed in Table l.

The positional parameters of oxygen obtained at
various pressures are presented in Figure l. Some
nonlinear variation is evident in this diagram; how-
ever, weighted regression analysis with second-order
parameters does not yield a significant improvement.
The hypothesis that z is invariant throughout the me-
tastable range (P < 23 kbar, Akimoto et al., 1965)
and increases above this pressure has also been re-
jected, as the data of Sato (1977) do not show any
,anomalous variation in the compression of nickel
spinel as this pressure boundary is crossed. For the

Table 3.  Uni t -cel l  parameters for  7-Ni2SiOa at  several
tempefatufes

?  ( ' c ) a (A) rz (e3;

2 3
200  (10 )
300  (10 )
400  (10 )
500  (10 )
600  (10 )
700  (10 )

8 .  044  ( l )  t '
8 . 0 s 5  ( 2 )
8 . 0 6 4  ( 2 )
8 . 0 7 r ( 2 )
8  . 0 7  9  ( 2 )
8 . 0 8 8  ( 2 )
8 . 0 9 s  ( 2 )

520.  s  (1 )
5 2 2 . 8 ( 2 )
s 2 4 . 3 ( 2 )
525.8(2)
s 2 7 . 3 ( 2 )
5 2 9 .  0  ( 3 )
5 3 0 . 5  ( 3 )

z lParenthes ized f igures  represent  esd ts  o f  leas t
u n i t s  c i t e d .
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Fig. l. The oxygen positional parameter, z, of y-Ni2SiOa vs.
pressure. Weighted regression analysis was used to derive the line.

linear model, contrary to preliminary conclusions
(Finger et al., 1977} the ratio of octahedral to tet-
rahedral M-O distance, d"/d,, decreases with in-
creased pressure. Between I atm and 38.2 kbar the
Si-O distance is constant at 1.66A (within experi-
mental enor), whereas the Ni-O distance decreases
(by at least five standard deviations) from 2.06 to
2.0/A.

Electron density calculations

Di-fference electron density maps produced from
the intensities measured in this study are similar to
those previously reported by Marumo et al. (1974,
1977). T}lre major features (Fig. 2a) occur approxi-
mately 0.5A from the Ni position. Anomalies of -1.0

e/A' are located along the Ni-O bond direction. Fea-
tures of approximately +0.5 e,/A' occur along [1ll]
and I l l], in the openings between oxygen bonds.
Although these features are not large, they are highly
significant because of the low residual (1.4 percent)
for the refined data set. As described by Marumo el
al. (1974), the observed pattern of electron density
could arise from the effects of the ligand fields on the
3d electrons of the Ni ions or from anharmonic ther-
mal motion. In the present study, the cumulant ex-
pansion of the temperature factor (Johnson, 1970)
was used to include anharmonic contributions. In the
mathematical formalism employed, an expansion of
the structure factor equation to fourth order in terms
of products of the Miller indices is performed. The
ordinary positional parameters and anisotropic ther-
mal coefficients roughly correspcind to the first- and
second-order terms, respectively. For the site symme-
try (3m) of Ni in spinel, all odd-order terms vanish,
leaving two second-order terms and four fourth-or-
der coefficients. The fourth-cumulant terms corre-
spond to a correction for the statistical descriptor
called kurtosis or peakedness.

When the fourth-cumulant terms were included in
the least-squares refinement, the weighted residual
decreased from 1.4 to l.l percent, yielding a ratio of
the weighted R factors of 1.25, whereas the R-factor-
ratio test of Hamilton (1965) requires only a ratio of
1.08 to justify the additional parameters at the 0.5
percent significance level. A difference electron den-
sity map computed with the new thermal parameters
is shown in Figure 2b. The anomalies in the vicinity
of Ni are essentially eliminated, and the residual
electron densities at the positions of oxygen and sili-
con are reduced. A positive residual between Ni and
O is enhanced. Table 4 lists the refined thermal pa-
rameters for the ordinary and fourth-cumulant re-
finement. Only the d,,,, term is significantly different
from zero. and this term flattens the calculated elec-
tron density along the Ni-O bond (1001). Note that
ttLe b,, terms are reduced for all atoms when snhar-
monic terms for Ni are introduced. Although the ex-
pansion of the fourth-order terms for Ni has signifi-
cantly reduced the R factor and virtually eliminated
the residuals in the di-fference electron density, it is
impossible to distinguish, from the X-ray data, be-
tween a static distortion of the electron distribution
and nonharmonic vibrations. Studies of the structure
with inelastic neutron scattering techniques could re-
solve this question.

The fourth-cumulant formatsm was also applied

fig. Z. fartiat section of the difference 
"t"",-r, 

density for y-
Ni2SiO4 through the plane / : x. Contours are at intervals of 0.2
e/A3 with the zero contour dashed and negative values dotted.
Part (a) is for an anisotropic refinement and (b) is for a model with

anharmonic terms for nickel. Atomic positions are labeled.
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Atom

Table 4. Thermal param€tersr for y-Ni2SiOa

p a r a m e t e r  _  . -  _ E e f i n e d  v a l u e l x ] o ) )  _ .
Ordinary ref inement Anharmonic ref lnement

but the reduction in weighted R was not sumcient to
justify the additional parameters in the refinement.

Discussion

Unit-cell a vs. oxygen u

A signifisanl result of this study is that the rela-
tionship between unit-cell edge a and oxygen param-
eter z (Fig. 4) is essentially linear. This relationship
holds for CorSiOo, FerSiOo, and NirSiOo at several
pressures and temperatures, and is, therefore, inde-
pendent of temperature, pressure, and octahedral
composition for the transition metal silicate spinels.
In addition, all points of Figure 4 are close to the line
of constant Si-O distance of 1.66,4'. Silicate spinels in
the range of P, T, and X studied, consequently, ap-
pear to have a constant tetrahedral volume of
2.34(2)A' (Table 5), whereas the size of the M-O oc-
tahedron is the principal structural variable.

Polyhedral bulk moduli of y-Ni',SiOo

Polyhedral volurres of Si-O tetrahedra and Ni-O
octahedra for nickel silicate spinel are listed in Table
5. As noted above, there is no systematic change with
pressure in the tetrahedral volume, and the bulk
modulus for that polyhedron is greater than 2.5
Mbar. A number of other silicates have tetrahedral
bulk moduli of 2.5+0.5 Mbar (Hazen and Finger,
1977a).

The Ni-O octahedron has a calculated bulk modu-
lus of 1.7(l) Mbar, based on weighted linear regres-
sion of data in Table 5. This value is somewhat less

s i

0
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-1111

- 1 1 1 2
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-L123
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*Ther@1 patameters are of the forn:

.*o{-i I hihxbix - I I I I o'r*n.,r,or*r,}
J K  

-  -  
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**SlmeEry constraints for atoms are as fol lows:

Ni:  bl1 = b22 = b33' bl ,2 = bt3 -  b2r '  dt :_t t  = dzzzz = dzzl l '

dt tz3 = dLzz3 = dLz33' dt t tz = dtt t3 = dtzzz = dr3l3 =
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Si:  bI I  = b22 = b33, bl ,2 = bt3 = bZ3 = O

ot br1 = b22 = b3i '  btz = bt3 = b2z

+Parenthesized f igures represent esd's of least uni ts ci ted.

to the iron spinel data. The difference electron den-
sities after ordinary refinement (Fig. 3a) showed fea-
tures of -0.6 e/ A' along I l l] and positive residuals
of 0.6 e/A' along the Fe-O bond. The topology of
the electron density residuals in the vicinity of iron is
similar to the results of Marumo et al. (1977); how-
ever, there is a reversal in sign. After refinement of
the fourth-cumulant terms (Fig. 3b), both types of
anomalies were reduced in height and areal extent,

nig. f. fartiat section of the diference 
"t"o.oo 

density for y-
Fe2SiOa through the plane y : x. See legend ofFig.2.
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Fig. 4. The oxygen positional parameter, z, of several silicate
spinels vs. the unit-cell edge, a. Calculated lines corresponding to
constant Si-O distances of 1.65, 1.66, and 1.67A are shown.
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?  ( ' c ) P (kbar) vs .  (A3) I /N .  (A3)
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than the value of 1.95(5) Mbar reported by Bassett
and Takahashi (1974) for NiO. Hazen and Finger
(1977a) proposed an inverse relationship between
polyhedral bulk modulus, K, and polyhedral volume,
Z, for divalent cation po$edra: K : 2l/V Mbar.
The predicted value for the Ni-O octahedron with Z
of ll.6,{3 is 1.8 Mbar, which is consistent with the
observed value.

The olivine / spinel transition

At room temperature the transformation of iron
and nickel olivine to the spinel form takes place at 35
and23 kbar, respectively (Akimoto et al., 1965, 1976,
1977). From compressibility data for spinels from the
present study, combined with observed (Hazen,
1977) and predicted (Hazen and Finger, 1977b) val-
ues of olivine and iron spinel po$edral compres-
sibilities, a comparison of olivine and spinel struc-
tures at the transition pressure can be made. From
these calculations, it appears that the ratio ofoctahe-
dral to tetrahedral distance, d"/d,, decreases in both
olivines and spinels with increasing pressure or de-
creasing temperature. For NirSiO 4 at 23 kbar, d"/ d, is
1.27 and 1.23 for olivine and spinel, respectively. For
FerSiOo at 35 kbar, the equivalent quantities are 1.32
and 1.28. As Kamb (1968) noted, there is a sizable re-
duction ia d"/d, as the structure changes from olivine
to spinel. The ratio at transition is not independent of
composition, nor are values of d"/d, constant along
the pressure-temperature range of the transition for a
given composition. For example, at l000oc and 35
kbar, also on the a e I transition curve for NirSiOo
(Akim61e et al., 1976), d"/d, is predicted to be 1.29
and 1.25 for olivine and spinel, respectively. Al-
though this ratio is altered in the olivine-spinel tran-
sition, it is obviously an oversimpli-fication, as noted
by Kamb, to defne the stability limits of spinel in
terms of a single parameter.
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