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Pressure-induced ordering in (Ni,Mg),SiO, olivine
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ABSTRACT

An imaging-plate detector interfaced to a large-volume high-pressure device allows
quantitative in situ powder X-ray diffraction measurements at the National Synchrotron
Light Source (NSLS). High-quality diffraction patterns were recorded from an
(Ni,Mg),Si0, olivine solid-solution sample at 4 GPa and 800 °C as a function of time
using 3 min exposures at 40, 63, and 109 min. Refinement of the crystal structure indicated
an increase in the ordering of Ni?* and Mg?* cations over the M1 and M2 sites at high
pressure. The unit-cell volume was found to decrease with increasing ordering. Kinetic
phenomena associated with the cation redistribution were observed on the time scale of
tens of minutes. Extrapolation based on an exponential law of ordering relaxation toward
equilibrium gave a distribution coefficient (K,) of 10.7(1) at 4 GPa and 800 °C; the starting
sample, which was annealed at 800 °C and room pressure, gave K, = 8.3(1).

INTRODUCTION

The ordering of cations over available crystallographic
sites in minerals can greatly influence their thermodynam-
ic properties. Traditionally, studies of changes in ordering
as a function of temperature and pressure have been per-
formed using quench techniques; the presumption is that
the quench products represent at least a facsimile of the
state existing under the conditions of synthesis. However,
in view of difficulties such as variations in quench rates,
it is now widely accepted that in situ diffraction experi-
ments provide the most reliable and reproducible means
of obtaining information on the state of cation ordering
(Navrotsky 1994). Commercially available high-temper-
ature apparatus and widely distributed Rietveld refine-
ment software (Larson and Von Dreele 1986; Rietveld
1969) enable routine in situ study of structural changes
accompanying variation of temperature (Zhao et al.
1993a, 1993b). However, studies in which both temper-
ature and pressure are maintained, while data suitable for
full structural refinement are collected, are rare (Hazen
and Finger 1982).

Recent developments in high-pressure devices, capable

of sustained heating over a period of days, interfaced to

monochromatic synchrotron X-radiation sources and an
imaging plate (IP) detector, have facilitated studies at
high temperatures and pressures simultaneously (Chen et
al. 1995, 1996). This system produces powder diffraction
data suitable for Rietveld refinement (Rietveld 1969). We
report here the first in situ study designed to test recent
predictions that, in selected systems, pressure can have a
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profound effect on cation site ordering (Hazen and Nav-
rotsky 1996 and references therein).

EXPERIMENTAL METHODS AND RESULTS

A sample of olivine of composition (Ni,;Mg,;),Si0O,
was synthesized from a mixture of dried oxides, NiO,
MgO, and SiO, gel. The X-ray powder diffraction pattern
of this material showed that the oxides had reacted com-
pletely to form a pure phase of olivine after 50 h at 1500
°C. This was sintered by hot pressing at 4 GPa and 800
°C to form a stress-free bulk sample for high-pressure
diffraction measurements. The sintered pellet was then
annealed at room pressure and 800 °C for 24 h and
quenched by dropping into liquid nitrogen.

In situ high-pressure diffraction was performed at the
superconductor wiggler beamline, X-17B, of the National
Synchrotron Light Source (NSLS) with the large-volume
multi-anvil press SAMS85 (Weidner et al. 1992). A two-
dimensional monochromatic diffraction system with an
imaging plate was developed for quantitative measure-
ments of intensities (Chen et al. 1996). White radiation
was monochromatized using an Si(220) Laue-Bragg fo-
cusing monochromator. A movable back stop was used
to switch between monochromatic and polychromatic ra-
diation, which thereby allowed two modes of diffraction,
angle dispersive and energy dispersive, in one experi-
ment. A solid-state detector was used in the energy-dis-
persive diffraction mode to collect data rapidly for map-
ping the geometry of the high-pressure cell (Chen et al.
1996).
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Ficure 1. Calculated (continuous line) and observed (cross-

es) synchrotron X-ray diffraction profiles for (Ni,;Mg,;),Si0, ol-
ivine at 4 GPa and 800 °C. A difference curve (I, — I.) is
plotted at the bottom on the same scale. Allowed reflection po-
sitions are indicated by vertical lines.

A cell assembly, including a disk-type heater to elim-
inate scattering from the furnace, was used in this exper-
iment. The sample was surrounded by pressure medium,
a mixture of amorphous boron and epoxy resin in the
weight ratio 4:1, and the temperature was determined by
a W5%Re/W26%Re thermocouple. Pressure was derived
from the measured unit-cell volume of NaCl using the
Decker equation of state (Decker 1971). The lattice pa-
rameter of NaCl was determined from a diffraction pat-
tern taken in energy-dispersive mode with polychromatic
X-rays and with the solid-state detector. At the desired
pressure and temperature the incident beam was switched
from polychromatic to monochromatic radiation, and dif-
fraction patterns of the sample and the pressure medium
were recorded on the imaging plate. The wavelength of
the monochromatic X-rays was 0.3051(2) A, and diffrac-
tion patterns were recorded up to 15° 26 on 200 X 250
mm imaging plates. A double-plate holder was used to
determine the IP-to-sample distance with a single expo-
sure. The two-dimensional diffraction patterns were then
converted into conventional, one-dimensional diffraction
profiles (Fig. 1) by radial integration using techniques de-
veloped at the Photon Factory (Shimomura et al. 1992).
The diffraction pattern from the sample position contains
peaks from both the olivine and the boron-epoxy pressure
medium. The latter were eliminated by subtracting the
pattern of the pressure medium from that of the sample
(Chen et al. 1996). Further experimental details were pub-
lished elsewhere (Chen et al. 1996).

A diffraction pattern of the starting material in the
high-pressure cell was taken at room temperature before
pressurizing. The pressure was then increased to 4 GPa,
and the temperature was increased to 800 °C. Several dif-
fraction patterns were collected as a function of time un-
der these conditions, with each imaging plate exposed for
3 min. Rietveld refinements were performed using the
General Structure Analysis System (GSAS), and Figure
1 shows a typical result with 131 diffraction lines con-

tributing to the pattern. All structural sites were consid-
ered to be fully occupied, and the site-occupation frac-
tions for the M1 and M2 sites were constrained by the
composition of the starting material. Preliminary refine-
ments suggested the displacement parameters for the M1
and M2 sites were equal within error and were therefore
constrained as such in subsequent refinements. The dis-
placement parameters (Table 1) for all atoms were as-
sumed to be isotropic, with those sites occupied by O
also constrained to be identical. The results of the final
refinements are summarized in Table 1.

DiscussioN

Quench experiments generally show an increase in dis-
order in (Ni,Mg),Si0O, olivine with increasing temperature
(Bish 1981; Ottonello et al. 1989). The distribution co-
efficient K, [K, = (X /X M /(Xo/ X0, )*?] Of the starting
material used in our experiments (Table 1) is 8.3(1). This
is smaller than that for Ni,;,Mg,,, olivine (K, = 11.4)
synthesized at 890 °C (Ottonello et al. 1989), probably
because of difficulties in quenching (Bostrom 1987; Ot-
tonello et al. 1989) the cation distribution achieved at the
higher temperatures. For example, a sample of composi-
tion Ni, Mg, , annealed at 800 °C shows a strong decrease
in K,,, from 16.9 to 10.6, in comparison with the same
sample synthesized at 900 °C, suggesting the true state of
order at the higher temperature was not retained after
quenching. The calculation for a minimum Gibbs free en-
ergy gave a possible range from 7.61 to 13.30 for the
value of K|, in an olivine sample with Ni, Mg, compo-
sition (Ottonello 1987; Ottonello et al. 1989).

As summarized in Table 1, the value of (X/X,,)™ in-
creases with pressure and time, indicating that pressure
tends to favor ordering in the cation distribution over the
octahedral sites of (Ni,Mg),SiO, olivine (Table 1). The
effects of pressure on order-disorder reactions were re-
cently reviewed (Hazen and Navrotsky 1996). These au-
thors introduced a definition for the volume of disorder-
ing, AVy, = Vs — Vouerea» a0d derived the following
equation from the first and second laws of thermodynam-
ics: (8AG,/oP), = AV,,. The sign of AV, determines
whether the Gibbs free energy of disordering, AG,, (AGy;,
= Gyisorgered — Toraerea)» INCTEASES OI decreases with pressure.
In our experiment, the unit-cell volume decreases as a
function of time at 4 GPa and 800 °C, showing a tendency
toward decreasing volume with increased ordering (Table
1). A linear fit to the data with slope —0.03 A? is shown
in Figure 2. This results in a positive AV, which is con-
sistent with the quench experiments at room pressure (Ot-
tonello et al. 1989). The tendency of pressure to favor
ordering conforms to the prediction of Hazen and Nav-
rotsky (1996).

Because cation redistribution is relatively slow at 800
°C, this affords an opportunity to study the kinetics of the
ordering process at high pressure and temperature. Al-
though there are few studies in which the kinetics of cat-
ion distribution in the olivine system have been studied
in situ under simultaneously high-temperature and high-
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TaBLE 1. Crystal-structure data of (NiysMg,),SiO, olivine from Rietveld refinement
4 GPa and 800 °C
Room pressure, 23 °C
(800 °C quenched) 40 min 63 min 109 min
a 4.7362(2) 4.7325(2) 4.7330(2) 4.7322(2)
b 10.1682(3) 10.1454(4) 10.1452(4) 10.1453(4)
c 5.9401(2) 5.9313(2) 5.9303(2) 5.9309(2)
v 286.066(15) 284.779(17) 284.753(18) 284.747(18)
R . 0.08 0.08 0.08 0.08
M1 U (A% 0.015(3) 0.017(1) 0.017(1) 0.016(1)
X(Ni)** 0.742(3) 0.754(2) 0.757(2) 0.762(2)
M2 X 0.9898(9) 0.9873(11) 0.9879(11) 0.9892(12)
y 0.2752(2) 0.2760(3) 0.2757(3) 0.2762(3)
U (A?) 0.015(3) 0.017(1) 0.017(1) 0.016(1)
X(Niy*™ 0.258(2) 0.246(2) 0.243(2) 0.238(2)
Si X 0.4256(8) 0.4268(9) 0.4269(9) 0.4260(10)
y 0.0932(4) 0.0940(4) 0.0945(4) 0.0939(4)
U (A 0.017(3) 0.011(1) 0.013(2) 0.017(2)
o1 x 0.7719(14) 0.7718(12) 0.7722(13) 0.7687(14)
y . 0.0916(8) 0.0884(9) 0.0885(9) 0.0890(9)
U (A2) 0.009(3) 0.007(1) 0.004(1) 0.010(1)
o2 't 0.2208(12) 0.2254(12) 0.2235(12) 0.2259(13)
y 0.4447(8) 0.4469(8) 0.4442(9) 0.4450(9)
U (A?) 0.009(3) 0.007(1) 0.004(1) 0.010(1)
03 x 0.2768(8) 0.2814(8) 0.2796(8) 0.2804(9)
y 0.1640(6) 0.1613(5) 0.1636(5) 0.1626(5)
z 0.0319(10) 0.0346(11) 0.0343(12) 0.0326(13)
U (A9 0.009(3) 0.007(1) 0.004(1) 0.010(1)

Notes: Space group: Pbnm, M1 at (0,0,0) and M2, Si, O1, and O2 at (x,y,%).

“R = Wl ~ o VS W]}
O+ X = 1 6F £ g = 1.

pressure conditions, theories of ordering and of the ki-
netics of ordering in alloys (Bragg and Williams 1934;
Dienes 1955; Vineyard 1956) can be applied to the pres-
ent study (Figs. 2 and 3). The relaxation of ordering to-
ward equilibrium follows an exponential law (Vineyard
1956): X — X, = A exp(—K1), where X, is the occupation
fraction at equilibrium, A and K are constants, and ¢ is
time. With this relaxation formula, the distribution coef-
ficient K, at equilibrium was deduced. Before starting to
heat at 4 GPa, a diffraction pattern was recorded and Riet-
veld (1969) analysis showed that the occupation was un-
changed from that cbserved at room pressure for the start-
ing material (X¥' = 0.742 in Table 1, Fig. 3). After
pressurization the temperature was increased to 800 °C
over a period of 40 min (Fig. 3), and during this time
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FIGURE 2. Relation of the unit-cell volume to (Xy, /X, M/
(XX i)™ in (Ni, ;Mg, 5),510, olivine at 4 GPa and 800 °C. Bars
indicate the experimental errors. A linear fit to the data, with a
slope of ~0.03 A% is shown.

several diffraction patterns were collected on the imaging
plates. The data taken at 4 GPa and 800 °C (Fig. 3) were
fitted to the relaxation formula, and the following param-
eters were derived: (X )M = 0.766(2), A = —0.024(2),
and K = 0.017(3) min~!. Therefore, the distribution co-
efficient at equilibrium at 4 GPa and 800 °C was extrap-
olated to K, = 10.7(1).

These results indicate that an IP system, interfaced to
a large-volume high-pressure device capable of sustained
and stable heating at 800 °C, can be used to collect reli-
able monochromatic X-ray powder diffraction data of suf-
ficient quality to allow Rietveld refinement of crystal-
structure models. These preliminary experiments also
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Ficure 3. Change of the occupation fraction X' as a func-
tion of time in (Ni,sMg,,),Si0, olivine at 4 GPa and 800 °C.
The line is a fit to the relaxation formula, X = X, + A exp(—K?),
which yields fitted parameters X, = 0.766(2), A = —0.024(2),
and K = 0.017(3) min-,
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demonstrated that the kinetics of ordering processes can
be followed using this experimental apparatus.
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