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ABSTRACT

The temperature dependence of the cation distribution in synthetic spinel (MgAI,O,) was
determined using in-situ time-of-flight neutron powder diffraction. Neutron diffraction pat-
terns of stoichiometric MgAI,O, and slightly non-stoichiometric Mg, ,Al,O, samples were
collected under vacuum on heating from room temperature to 1600 °C, and the cation
distribution was determined directly from site occupancies obtained by Rietveld refinement.
The equilibrium non-convergent ordering has been analyzed using both the O’ Neill-Nav-
rotsky and Landau thermodynamic models, both of which fit the observed behavior well
over the temperature range of the measurements. Fitting the data between 560 °C and 1600
°C using the O’Neill and Navrotsky (1983) thermodynamic model yields a« = 32.8 + 0.9
kdJmol and g = 4.7 = 2.0 kJ/mol. The fit to the Landau expression for ordering gives
values of T, = 445 + 109 K and ¢’ = 1.62 = 0.21. This confirms suggestions that the
sign of the B coefficient in FeAl,O, and MgAIQ, is positive, and opposite to that found
in other 2—3 oxide spinels. Non-equilibrium order-disorder behavior below 600 °C has
been analyzed using the Ginzburg-Landau model, and successfully explains the time-tem-
perature dependent relaxation behavior observed in the inversion parameter. Changing the
stoichiometry, even by as little as 1 mol% Mg-deficiency, significantly reduces the degree

of order.

INTRODUCTION

Temperature-dependent cation disordering of Mg and
Al between the octahedrally and tetrahedrally coordinated
sites in the spinel (MgAL,Q,) has considerable petrologic
importance. High-temperature disorder in spinel could
stabilize it with respect to other phases in a mineral as-
semblage. For example, MgAl,O, is the dominant com-
ponent in the spinel phase of the Earth’s shallow mantle,
but it reacts at depths of 50-80 km according to the ide-
alized reaction: MgAl,O, + 2Mg,Si,Os = Mg,SIO, +
Mg,ALS,O,, (i.e., spinel + pyroxene = olivine + gar-
net). This region spans the depths from which many types
of basaltic magma are thought to originate. Determining
the exact stability limits of spinel in natural, chemically
complex systems is, therefore, necessary to understand
the detailed chemistry of basalts. This requires accurate
thermochemical data, which are only obtainableif the cat-
ion distribution is known (so that the zero-point entropy
may be calculated). Preliminary investigations, by Klem-
me et a. (1997), of the spinel Iherzolite to garnet Iher-
zolite transition at high temperatures (1300 to 1500 °C),
have revealed a change in the solubility of Al in pyrox-
enes at these Ts. Interpretation of this phenomenon de-
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pends on understanding the Mg/Al order-disorder in spi-
nel. This may aso pertain to the controls on AlLO, in
mantle-derived partial melts. Another example of the im-
portance of understanding the high-T equilibrium order in
spinel is that the Fe,0, component in natural spinels may
be used to caculate the redox state at which planetary
material is equilibrated. This information is relevant to
the processes that |ead to the accretion and core formation
of the terrestrial planets. Accurate modeling of the activ-
ity of Fe,O, in complex Mg-Fe-Al-Cr-O spinels requires
knowledge of cation distributions, starting with the sim-
ple end-member components including spinel (MgAlLQ,)
itself.

The majority of spinels show some degree of disorder,
with MgAl,O, being close to the *“normal” spinel config-
uration ®AIB,O,. The alternative ordering scheme
“BEI(AB)O, is termed “inverse” Any intermediate partly
disordered state may be expressed as a mix of these two
end-members, with a genera formula “(A,_B,)¢(B,_A,)O,,
where x isthe *‘inversion parameter.” The degree of order
may, aternatively, be expressed as an order parameter,
denoted Q, which varies from Q = 1 for completely or-
dered normal spinel to Q = 0O for a random arrangement
of cations (with, on average, ¥ of an A atom and % of a
B atom on every crystalographic site), to Q = —0.5 in
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inverse spinel. The relationship between Q and X is, there-
fore, Q = 1 — 3/2x. The order-disorder process in spinel
is termed ‘‘non-convergent,” because there is no sym-
metry change upon disordering, and a completely disor-
dered state is approached asymptotically upon increasing
temperature.

The wide importance of understanding cation ordering
in MgAl,O, has led to many experimental studies to elu-
cidate its high-temperature behavior. Certain experimental
difficulties are associated with the study of site occupan-
cies in this phase, however. The standard methods of de-
termining cation distributions in spinels [such as X-ray
diffraction (XRD), Mossbauer spectroscopy, or magnetic
measurements] cannot be applied in a direct manner, so
somewhat unusual or indirect methods have been used.
These include ESR of impurity Cr cations (Schmocker
and Waldner 1976), changes in bond lengths as deter-
mined from XRD (Menegazzo et al. 1997), and ZAl
MAS-NMR (Brun and Hafner 1962; Gobbi et al. 1985;
Wood et al. 1986; Millard et a. 1992). These studies nei-
ther agree with one another, nor do they fit the smple
thermodynamic description found to be adequate for oth-
er spinels. One magjor problem is reliance on quenching
disordered states from high temperatures, and assump-
tions that the results obtained at ambient temperature ac-
curately reflect the equilibrium state at the annealing tem-
perature. In particular, it is important to demonstrate that
the samples have been annedled for sufficient time to
reach equilibrium at low temperatures, and conversely for
guenched samples, that the quenching has been rapid
enough to preserve equilibrium at high temperatures. The
kinetics of Mg-Al exchange between the tetrahedral and
octahedral sites are sufficiently rapid to prevent quench-
ing of states of disorder for any spinel above 1300 °C or
so, which may be regarded as a closure temperature for
the anneal and quench method.

Some of the few high-temperature structural studies on
spinel suggested that it undergoes a discrete convergent
structural phase transition of some sort at temperatures
between 600 and 700 °C. Using high-temperature XRD,
Yamanaka and Takéuchi (1983) observed changes in the
oxygen coordinates and thermal expansion in this tem-
perature range. The dilatometric study of Suzuki and Ku-
mazawa (1980), and the electric conductivity measure-
ments of Weeks and Sonder (1980) also revealed
evidence for anomalous changes in the structure at these
temperatures. Furthermore, some ambient temperature
XRD (Grimes and Thompson 1981) and electron diffrac-
tion studies (Hwang et a. 1973; Mishra and Thomas
1977) suggested (on the basis of the presence of hkO re-
flections with h + k = 4n + 2) that the space group of
spinel is F43m, rather than the conventionally assumed
Fd3m. Smith (1978) and Tokonami and Horuchi (1980)
dismissed these results as effects arising from double
diffraction.

Peterson et al. (1991) used in situ, high-temperature,
neutron powder diffraction study of synthetic MgAl,O, to
obtain absolute site occupancies (and hence the degree of
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long-range order) directly by exploiting the relatively
strong (40%) nuclear-scattering contrast between Mg and
Al. Their study was, however, limited to temperatures be-
tween 600 and 1000 °C, and cannot reliably be extrapo-
lated to the temperatures of petrological interest. Here,
we report the results of a new in situ neutron diffraction
study of well-characterized MgAI,O, between room tem-
perature and 1600 °C. The results from neutron diffrac-
tion provide an absolute calibration of earlier work, ex-
plain the structural discontinuities observed in earlier
studies at intermediate temperatures, and are used to de-
velop areliable thermodynamic and kinetic model for cat-
ion ordering in spinel. It is known that non-stoichiometry
and impurity content affects the cation distributions in
spinel (Schmoker and Waldner 1967). We investigate the
influence of non-stoichiometry on the thermodynamic
equilibrium degree of order as a function of temperature
by measuring a Mg-deficient sample as well as a stoi-
chiometric sample. Finally, we compare the order-disor-
der behavior of spinel with that of hercynite (FeAl,O,).

EXPERIMENTAL METHODOLOGY

Two samples were synthesized from oxide powders
and dried at 1100 °C prior to weighing. The first sample
was synthesized from a 14 g stoichiometric mix of MgO
(99.999%) and Al,O, (99.99%) oxide powders, weighed
out and homogenized by grinding under acetone in an
agate mortar. The oxide mix was then pressed into several
pellets using a 0.5 inch diameter WC die. The pellets
were sintered for a period of 42 h at 1500 °C. The pellets
were then quenched by dropping them to the bottom of
the furnace. XRD examination of a sintered chip from
each of the pellets showed them to be single-phase spinel.
The pellets were then annealed at 800 °C for 853 h and
then quenched by dropping the pellets from the furnace
onto SiO, glass wool, which formed the lining of a pre-
viously evacuated metal beaker. As a cross-calibration,
the cell parameter determined by Guinier X-ray diffrac-
tion, using NBS Si as an internal standard, was 8.0836 +
0.0003 A. Theresult of O’ Neill (1997) indicates an MgO:
AlLO, ratio of 1:0.998(3), i.e, exactly stoichiometric
within the error of the cell parameter determination. A
second sample was synthesized in the same manner, but
annealed at 900 °C for 96 h and made deliberately defi-
cient in MgO with a composition of Mg,,Al,O,.

The neutron powder diffraction data were collected at
high temperatures using time of flight diffractometers at
the IPNS (Argonne National Laboratory, U.S.A.) and
ISIS (Rutherford Appleton Laboratory, U.K.) spallation
neutron sources. These diffractometers are described by
Jorgensen et al. (1989) and Hull et al. (1992), respective-
ly. A fixed scattering geometry and a relatively high flux
at the detector with low background characterize these
instruments, which allow rapid data collection from large
thermally stable samples that can be heated to extreme
temperatures (up to 2000 °C at 1SIS) with f, buffering,
if needed.

Data for both the stoichiometric and Mg-deficient spi-
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nels were collected from room temperature to 1400 °C on
both heating and cooling at the special environment pow-
der diffractometer (SEPD) at the intense pulsed neutron
source (IPNS), using arod-element resistance furnace and
detectors in the 90° scattering position. The entire stack
of sample pellets was positioned as a pile, held down by
a weighted plunger within the furnace, which was evac-
uated to prevent oxidation of the furnace elements. The
temperature was measured and controlled using type K
thermocouples. The sample and furnace thermal mass en-
sured good thermal stability throughout each data collec-
tion. The neutron diffraction patterns were collected for
a range of flight times corresponding to d-spacings be-
tween 0.4 and 3.2 A. Each pattern was collected with a
counting time of approximately 40 min. Additional heat-
ing experiments were conducted at the POLARIS diffrac-
tometer at 1SIS, up to a temperature of 1600 °C, using a
Ta cylindrical foil element resistance heater. This range
of data included around 250 independent Bragg reflec-
tions, giving 140 individual Bragg peaks in the powder
diffraction pattern when accounting for different reflec-
tions having identical d-spacings. The data from individ-
ual detectors were corrected for electronic noise, normal-
ized against standard spectra from a sample of V, and
focused using in-house software. No corrections were
made for beam attenuation by the furnace or sample, be-
cause these were found to be negligible. We found no
evidence for oxidation of the sample, which is unsurpris-
ing considering the high-temperature stability of
MgALQ,, therelatively high vacuum of the sample cham-
ber and the close proximity of Ta and V metal to the
sample, both of which act as oxygen getters.

The crystal structures were refined using the GSAS
Rietveld refinement software (Larson and Von Dreele
1994). Total site occupancies were constrained to stoi-
chiometric values completely describing the Mg-Al dis-
tribution. Scattering lengths of 5.375, 3.449, and 5.803
fm were used for Mg, Al, and O, respectively. The back-
ground was modeled using a sixth-order polynomial. The
crystallographic variables were the unit-cell parameter,
the coordinates of the oxygen atom, the occupancies of
the tetrahedral and octahedral sites, and the isotropic tem-
perature factors. The cell parameter was independently
calibrated by cross calibrating against that determined
from an aliquot of the same sample measured using X-
ray diffraction with a Guinier camera and employing
NBS Si as an internal standard. It was refined as 8.0836
+ 0.0002 A. This value is expected for a stoichiometric
sample that has been annealed and quenched according
to our synthesis route (Navrotsky et al. 1986; O'Neill
1997). A typical neutron diffraction pattern is shown, to-
gether with the fit from the refinement, in Figure 1.

ResuLTs

The results of the high-temperature structura refine-
ments for stoichiometric MgAlO, are given in Table 1.
The essentia feature of the structural response to tem-
perature of interest to us is the exchange of metal cations
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Ficure 1. Time-of-flight neutron diffraction pattern for syn-
thetic MgAl,O, together with the calculated pattern and differ-
ence plot from Rietveld refinement. Note the high quality of the
neutron diffraction data at low d-spacings.

between the tetrahedral and octahedral sites, which is giv-
en by the inversion parameter (equal to the occupancy of
Al in the tetrahedra site). The temperature-dependence
of the inversion and order parameters behavior are shown
in Figure 2. The first heating and cooling runs were mea-
sured using SEPD at IPNS, athough the second heating
run was measured several months later using POLARIS
at 1SIS. The behavior takes the same form as that now
observed in a number of minerals undergoing cation or-
dering (Redfern et a. 1996, 1997; Harrison et a. 1998a).
The initiadl Q of around 0.67, corresponds to the degree
of order quenched in from the initial sample synthesis.
On the first heating run, the sample initially shows no
change in the degree of order, until the temperature be-
comes high enough that exchange of Mg and Al between
tetrahedral and octahedral sites (athermally activated pro-
cess) can commence. At this point (around 850 K) the
sample begins to move toward its equilibrium state,
which is a more ordered state. This relaxation toward a
more ordered configuration is akinetically controlled pro-
cess. By 980 K, the sample has ordered on heating to a
maximum degree of order with Q = 0.78, at which point
it is essentialy in equilibrium, and on further heating the
sample progressively disorders down the equilibrium
pathway. The cooling rate in the diffractometer is slower
than that in the initial quench, so that the degree of order
frozen in on the cooling path (to a value of around 0.79)
is greater than that initially displayed. The subsequent
heating pathway now follows the slow cooling pathway
in reverse, corresponding to equilibrium degrees of order
at temperatures of around 1000 K and above.

This behavior sheds light on some of the earlier studies
of spinel that suggested the existence of a phase transition
at temperatures between 600 and 700 °C. Thisis the tem-
perature range over which the structure shows most
change, due to relaxation of the ordering scheme on heat-
ing. Thus, the anomalous thermal expansion observed by
Suzuki and Kumazawa (1980) at this temperature is due
to structura adjustments occurring during the cation or-
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TaBLE 1. Refined structural parameters of MgALO,
T (K) a(d) X u Uso (0XY) Us, (tet) Us, (0ct) R
299t 8.08360(6) 0.218(8) 0.261714(35) 0.505(11) 0.219(21) 0.288(21) 0.085
683 8.11006(6) 0.196(10) 0.261642(45) 0.771(14) 0.632(34) 0.637(30) 0.085
707 8.11142(6) 0.178(10) 0.261644(46) 0.834(15) 0.671(35) 0.587(30) 0.084
766 8.11590(5) 0.189(10) 0.261672(44) 0.883(15) 0.681(34) 0.696(30) 0.084
837 8.12066(6) 0.184(10) 0.261594(46) 0.933(15) 0.808(37) 0.730(31) 0.084
903 8.12577(6) 0.169(10) 0.261735(46) 0.966(15) 0.858(38) 0.866(33) 0.083
969 8.13098(6) 0.146(10) 0.261972(47) 0.997(16) 0.985(41) 0.865(34) 0.083
1035 8.13564(6) 0.160(10) 0.261689(48) 1.114(17) 1.081(42) 0.895(34) 0.081
1100 8.13979(6) 0.199(11) 0.261437(49) 1.206(17) 1.118(44) 0.982(35) 0.080
1164 8.14426(6) 0.222(11) 0.261307(52) 1.292(19) 1.167(47) 1.070(37) 0.081
1228 8.14888(6) 0.206(11) 0.261121(53) 1.382(19) 1.345(50) 1.111(38) 0.080
1291 8.15365(6) 0.234(11) 0.260954(54) 1.472(20) 1.406(53) 1.170(39) 0.079
1355 8.15805(6) 0.236(13) 0.260943(62) 1.538(23) 1.470(61) 1.194(44) 0.088
1418 8.16360(6) 0.249(12) 0.260701(61) 1.706(23) 1.570(61) 1.304(44) 0.083
1481 8.16885(6) 0.271(12) 0.260582(60) 1.695(24) 1.561(61) 1.338(44) 0.082
1544 8.17402(6) 0.268(12) 0.260506(61) 1.779(24) 1.755(65) 1.384(45) 0.082
1606 8.17940(6) 0.286(12) 0.260328(63) 1.868(25) 1.759(66) 1.426(45) 0.082
1644 8.18326(6) 0.294(12) 0.260284(63) 1.937(25) 1.769(66) 1.517(46) 0.080
1662 8.18536(6) 0.298(12) 0.260292(64) 1.982(26) 1.928(70) 1.567(47) 0.081
1650t 8.18455(6) 0.296(12) 0.260345(62) 1.918(25) 1.762(66) 1.601(46) 0.078
1595 8.17903(6) 0.275(12) 0.260318(63) 1.875(25) 1.769(66) 1.490(47) 0.082
1532 8.17360(6) 0.277(12) 0.260519(60) 1.769(23) 1.638(61) 1.399(44) 0.080
1468 8.16810(6) 0.279(12) 0.260538(59) 1.689(23) 1.557(60) 1.417(43) 0.081
1405 8.16459(6) 0.245(16) 0.260656(81) 1.658(31) 1.576(83) 1.224(59) 0.117
1278 8.15030(6) 0.214(24) 0.26089(11) 1.447(43) 1.55(11) 1.107(83) 0.181
1214 8.14730(6) 0.207(11) 0.261054(53) 1.400(19) 1.275(49) 1.073(38) 0.080
1152 8.14249(6) 0.202(11) 0.261257(52) 1.332(19) 1.221(48) 1.039(37) 0.081
1088 8.13777(6) 0.199(11) 0.261430(50) 1.228(18) 1.168(46) 1.017(36) 0.082
1024 8.13316(6) 0.196(11) 0.261627(49) 1.148(17) 1.054(44) 1.013(36) 0.082
961 8.12854(6) 0.154(10) 0.261833(47) 1.055(16) 0.979(41) 0.831(34) 0.083
898 8.12390(6) 0.132(10) 0.262026(45) 0.946(15) 0.919(38) 0.807(33) 0.083
834 8.11928(6) 0.127(10) 0.262127(45) 0.868(15) 0.873(38) 0.747(32) 0.085
770 8.11468(6) 0.126(10) 0.262104(45) 0.820(14) 0.772(36) 0.720(32) 0.087
710 8.11057(6) 0.140(11) 0.262098(49) 0.789(15) 0.688(37) 0.653(34) 0.096
610 8.10563(6) 0.133(10) 0.262088(45) 0.730(14) 0.612(34) 0.584(31) 0.093
516 8.09701(5) 0.139(10) 0.262142(41) 0.603(12) 0.467(29) 0.482(27) 0.090
464 8.09365(5) 0.137(10) 0.262155(41) 0.563(12) 0.463(28) 0.447(27) 0.092
405 8.09159(6) 0.143(11) 0.262132(46) 0.514(13) 0.365(30) 0.439(30) 0.105
298§ 8.08360(6) 0.143(10) 0.262015(31) 0.491(9) 0.424(22) 0.185(19) 0.053
473 8.09650(6) 0.137(10) 0.261986(31) 0.675(10) 0.634(25) 0.354(21) 0.049
673 8.11009(6) 0.155(11) 0.261981(32) 0.865(11) 0.836(27) 0.575(23) 0.046
773 8.11685(6) 0.145(10) 0.261992(32) 0.958(11) 0.960(28) 0.643(24) 0.048
873 8.12443(6) 0.131(11) 0.262150(32) 1.044(11) 1.072(29) 0.758(25) 0.043
973 8.13192(6) 0.137(11) 0.262088(33) 1.172(12) 1.204(31) 0.836(25) 0.042
1073 8.13916(6) 0.163(11) 0.261790(34) 1.333(12) 1.316(32) 0.950(26) 0.040
1173 8.14652(6) 0.194(11) 0.261520(36) 1.484(13) 1.427(34) 1.089(27) 0.039
1273 8.15428(6) 0.205(11) 0.261333(36) 1.640(13) 1.638(36) 1.174(27) 0.037
1373 8.16214(6) 0.230(11) 0.261196(38) 1.810(14) 1.748(38) 1.337(28) 0.036
1473 8.17015(6) 0.236(11) 0.260967(39) 1.962(15) 1.905(40) 1.435(29) 0.036
1573 8.17859(6) 0.255(13) 0.260865(46) 2.108(17) 2.106(48) 1.568(34) 0.036
1673 8.19804(6) 0.298(11) 0.260545(43) 2.476(17) 2.341(46) 1.899(32) 0.032
1773 8.20091(6) 0.336(11) 0.260542(43) 2.501(16) 2.326(46) 1.996(32) 0.034
1873 8.20857(6) 0.347(12) 0.260482(43) 2.617(18) 2.398(50) 2.127(34) 0.035
"Ry = SW(Fops = Feac) 212 Wl

§ Data collected during heating at ISIS, Rutherford Appleton Laboratory, U.K.
T Data collected during heating at IPNS, Argonne National Laboratory, U.S.A.

1 Data collected during cooling at IPNS.

dering relaxation, rather than being due to a further dis-
crete phase transition.

A further, intriguing and rather subtle feature, can be
seen in the temperature-dependence of the inversion pa
rameter between 950 and 1150 K in the initial heating
and cooling run, and is shown in the inset of Figure 2a.
It appears that, at these temperatures, the sample may
favor a degree of order of around 0.70. On heating, the
degree of order suddenly drops from 0.76 (at around 1040
K) to 0.70 (at around 1100 K) in one heating step. This

is lower than the equilibrium degree of order expected at
1100 K. Similarly, on cooling, the sample does not appear
to order exactly along the equilibrium curve between
around 1140 and 1020 K, but instead locks in to a degree
of order of around 0.70. Then, on the next cooling step
to approximately 960 K the sample suddenly orders to Q
~ 0.76. The value of 70% order, which appears to be the
favored state over this temperature interval, is the degree
of order in equilibrium at around 800 °C, the temperature
at which the sample was annealed for more than 850
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Ficure 2. Temperature dependence of (a) the order param-
eter (Q) and (b) inversion parameter (x), for cation order-disorder
in spinel, from in situ neutron diffraction. Circle = data obtained
a IPNS;, X = data obtained from the same sample during a
subsequent in situ heating experiment at ISIS. The dashed line
in b is a fit to the equilibrium data between 560 and 1600 °C
using the O'Neill and Navrotsky (1983) thermodynamic model
(Eq. 3), yielding a = +32.8 = 0.9 kJmol and g = +4.7 = 2.0
kJmol. The solid line shows the fit to the Landau expression for
ordering (Eq. 6) with values of T, = 445 = 109 K and ¢’ = 1.62
+ 0.21.

hours. Taking account of the errors in the measurements,
these observations of possible changes away from the
equilibrium curve are on the limit of statistical signifi-
cance (furthermore, they are not reflected in the behavior
of the oxygen positional parameter). However, if they do
reflect some real effect, then it could tentatively be ex-
plained if some other temperature-dependent structural
feature is coupled to the order-disorder process, which
then shows a memory of the annealing conditions. For
example, maybe the sample has retained the equilibrium
defect concentration from 800 °C and in our subsequent
high-temperature experiment these defects then interact
with the ordering states to create a local minimum in
order parameter space at Q =~ 0.70. Thus, on heating, as
Q approaches 0.70, the sample disorders to this value
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more rapidly than would otherwise be expected, and on
cooling the degree of order sticks at this value (akin to
supercooling) at temperatures when it would otherwise
be expected to be more ordered. The hysteresis in the
behavior is commensurate with Q = 0.70 being a local
minimum. On the second heating run (conducted at ISIS)
this effect is not obvious. Possibly because the sample
was at ambient temperature for several months in be-
tween the two experiments, but also potentially because
the temperature steps are more widely spaced. Although
this behavior has not (to the authors knowledge) been
noted before for a non-convergent order-disorder process,
it is reminiscent of the memory effect sometimes seen at
symmetry-breaking phase transitions and typicaly ob-
served in domain microstructures, as in quartz and an-
orthite at high temperature, for example see Xu and Hea-
ney (1997).

The oxygen positional parameter, u, strongly correlates
with the degree of order (Fig. 3), and shows an approx-
imately linear relationship:

u = 0.26344 — 0.01021x. 1)

In contrast, the cell parameters appear insensitive to the
degree of order.

The bond-lengths at the tetrahedral and octahedral sites
in spinel show interesting temperature evolution, because
their temperature response involves two effects. thermal
expansion and changing cation order (and hence Al/Mg
occupancy) at the site. The cation-oxygen bond length as
afunction of temperature for MgAl,O, (Fig. 4) shows that
the tetrahedral site tends to decrease in size with increas-
ing temperature, when an equilibrium degree of order ex-
ists, because the occupancy of the smaller Al3+ cation in
that site increases with temperature. On the other hand,
the expansion of the octahedral site with temperature is
anomalously large because not only do the lengths of the
individual Mg-O and Al-O bonds increase, but the oc-
cupancy of that site by the larger Mg?+ cation increases
as well. Knowledge of the degree of order at each tem-
perature allows determination of the thermal expansion
of each type of cation in each coordination environment.
The behavior of the bond lengths below 1000 K is dom-
inated by relaxation of the structure toward an equilibri-
um cation distribution on heating (and by the departure
from equilibrium on cooling below a blocking tempera-
ture for ordering). From Figure 2, the degree of cation
order does not change below 800 K, and hence the ther-
mal response up to that temperature can be interpreted as
exclusively due to thermal expansion of the metal-oxygen
bonds. Above 1000 K, the thermal evolution of the av-
erage bond lengths at the two sites reflects the combined
effects of thermal expansion and changing cation order.

Table 2 gives data for non-stoichiometric Mg, ,Al,O,
spinel. At al temperatures, Mg,.Al,O, is more disor-
dered than its stoichiometric counterpart by about x ~
0.02. The temperature at which structural relaxation be-
ginsis dlightly lower than in the stoichiometric MgAl,O,,
in agreement with the finding that the kinetics of order-
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squares fit to the data.

disorder in spinels is strongly dependent on defect con-
centration (O’ Neill 1997), and is enhanced by vacancies.

Discussion
Thermodynamic model

Severa thermodynamic approaches to cation ordering
in spinels exist (Navrotsky and Kleppa 1967; O’ Neill and
Navrotsky 1983, 1984; Carpenter et a. 1994; Carpenter
and Salje 1994a, 1994b). We present here only a brief
account of the three most commonly used thermodynamic
models for cation ordering in spinels, before applying
them to the observed cation ordering data.

The thermodynamic model described by O'Neill and
Navrotsky (1983) expresses the enthalpy of a spinel with
an intermediate cation distribution (relative to the same
spinel with the normal cation distribution) as a quadratic
function of the degree of inversion (AH = ax + BX?).
Although O'Neill and Navrotsky’s (1983) lattice energy
considerations suggested that this was the form of the
enthalpy, they did not predict the sign of g, which could
be negative or positive. For the sake of simplifying mod-
els of spinel solid solutions, B is frequently assumed neg-
ative for al 2—-3 spinels, with a value of around —20 kJ/
mol. The free energy of ordering is given by combining
this excess enthalpy with the configurational entropy of
the intermediate cation distribution:

AG = ax + B2 + RT X NXiIn X| @)
i

where Xi is the fraction of cation i on site j, and N, isthe
number of j-sites per formula unit. The equilibrium path-
way of x is given by 9dAG/ox = 0, which gives the
expression:

-RT |n< = o + 2BX. ©)

X
a-x(2 - x))

This expression has been shown to provide a good de-
scription of the temperature-dependent ordering behavior
of a wide range of 2-3 spinels (Wu and Mason 1981,
Nell et a. 1989; O'Neill et a. 1991, 1992; O’ Neill 1992,
1994; Harrison et a. 1998a). Previous attempts to de-
scribe cation ordering in MgAlLQO, yielded values for the
free parameters of o = 35 kJ, B = —32 kJ (Maekawa et
al. 1997); a = 31 kJ, B = —10 kJ (Peterson et al. 1991);
and « = 25kJ B = 6kJ(Millard et al. 1992). Clearly
significant discrepancy exists among the described behav-
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Ficure 4. Behavior of the metal-oxygen bond lengths at the
tetrahedral (circles) and octahedral (squares) sites on heating
(filled) and cooling (open). The temperature variation of the bond
length is controlled by both the temperature variation of the site
occupancies and the individual thermal expansions of the Mg-O
and Al-O bonds in tetrahedral and octahedral coordination.
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TaBLE 2. Refined structural parameters for Mg, ,,Al,O, (data collected at IPNS)
T(K) a(h) X u Uso (0Xy) Uy, (tet) Uy, (0ct) Ru*
364t 8.09580(5) 0.199(9) 0.261728(37) 0.500(11) 0.288(24) 0.360(23) 0.084
374 8.09613(6) 0.186(10) 0.261750(44) 0.515(13) 0.300(28) 0.331(27) 0.099
420 8.09924(6) 0.189(10) 0.261675(44) 0.552(13) 0.339(29) 0.400(28) 0.097
502 8.10384(6) 0.193(10) 0.261701(45) 0.608(13) 0.420(30) 0.454(29) 0.094
563 8.10870(6) 0.186(10) 0.261725(45) 0.671(14) 0.506(32) 0.502(30) 0.094
636 8.11359(6) 0.170(10) 0.261666(46) 0.745(15) 0.602(34) 0.545(30) 0.092
707 8.11850(6) 0.185(11) 0.261610(48) 0.799(15) 0.622(36) 0.647(33) 0.093
778 8.12333(6) 0.196(11) 0.261653(48) 0.843(16) 0.672(37) 0.714(33) 0.091
848 8.12816(6) 0.185(11) 0.261674(48) 0.815(11) 0.713(38) 0.754(34) 0.088
916 8.13321(6) 0.156(11) 0.261773(49) 0.957(17) 0.897(41) 0.785(35) 0.088
984 8.13801(6) 0.182(11) 0.261559(49) 1.043(17) 0.935(42) 0.799(35) 0.085
1080 8.14282(7) 0.201(11) 0.261410(52) 1.130(18) 1.074(46) 0.895(37) 0.087
1116 8.14757(7) 0.236(11) 0.261158(54) 1.266(19) 1.070(48) 0.882(38) 0.085
1182 8.15239(7) 0.252(11) 0.260957(55) 1.319(20) 1.087(50) 1.089(40) 0.086
1232 8.15738(7) 0.242(12) 0.260780(57) 1.427(21) 1.321(54) 1.072(40) 0.084
1311 8.16234(7) 0.286(12) 0.260710(59) 1.513(22) 1.212(55) 1.188(42) 0.084
1376 8.16775(7) 0.269(12) 0.260599(61) 1.614(23) 1.508(60) 1.226(44) 0.084
1441 8.17306(7) 0.283(12) 0.260465(62) 1.682(24) 1.547(62) 1.303(45) 0.083
1506 8.17838(7) 0.287(12) 0.260414(64) 1.757(25) 1.621(65) 1.353(46) 0.083
1573 8.18394(7) 0.301(12) 0.260198(65) 1.863(26) 1.651(66) 1.375(47) 0.083
1639 8.18961(8) 0.320(14) 0.259994(72) 1.995(28) 1.767(75) 1.533(52) 0.087
1676 8.19344(7) 0.288(13) 0.259903(69) 2.016(27) 1.896(71) 1.451(48) 0.081
1671% 8.19336(7) 0.323(13) 0.259992(67) 2.014(26) 1.805(70) 1.564(49) 0.080
1622 8.18850(7) 0.293(13) 0.260242(66) 1.936(26) 1.915(71) 1.454(48) 0.082
1557 8.18299(7) 0.300(12) 0.260268(64) 1.821(25) 1.655(65) 1.392(46) 0.081
1492 8.17760(7) 0.302(12) 0.260437(62) 1.730(24) 1.532(63) 1.413(46) 0.081
1427 8.17236(7) 0.288(12) 0.260478(61) 1.672(23) 1.508(61) 1.339(45) 0.082
1362 8.16703(7) 0.280(12) 0.260656(60) 1.591(23) 1.397(58) 1.202(43) 0.083
1299 8.16204(7) 0.262(12) 0.260836(57) 1.493(22) 1.350(55) 1.131(41) 0.084
1235 8.15701(7) 0.258(12) 0.260873(56) 1.427(21) 1.228(52) 1.069(40) 0.083
1171 8.15222(7) 0.232(11) 0.261034(54) 1.334(20) 1.200(50) 1.046(39) 0.083
1107 8.14740(7) 0.220(11) 0.261188(54) 1.245(19) 1.132(49) 1.009(39) 0.085
1043 8.14254(6) 0.200(11) 0.261382(51) 1.122(18) 1.010(44) 0.874(36) 0.086
978 8.13806(6) 0.198(11) 0.261535(50) 1.049(17) 0.934(43) 0.831(36) 0.085
913 8.13333(6) 0.179(11) 0.261729(49) 0.964(17) 0.863(41) 0.776(35) 0.087
834 8.12870(6) 0.161(11) 0.261886(48) 0.888(16) 0.831(39) 0.722(34) 0.089
783 8.12406(6) 0.150(11) 0.261920(47) 0.813(15) 0.724(37) 0.658(33) 0.090
718 8.11961(6) 0.177(10) 0.261906(46) 0.773(15) 0.617(35) 0.621(32) 0.091
654 8.11512(6) 0.171(10) 0.261977(44) 0.705(14) 0.604(33) 0.561(30) 0.090
591 8.11084(6) 0.172(10) 0.262002(44) 0.636(14) 0.546(33) 0.512(30) 0.094
530 8.10662(6) 0.171(10) 0.261961(44) 0.607(13) 0.460(31) 0.491(29) 0.095
430 8.10285(6) 0.155(10) 0.261961(44) 0.570(13) 0.402(29) 0.426(28) 0.096
368 8.10120(11) 0.184(18) 0.262102(78) 0.555(23) 0.383(52) 0.403(50) 0.174

*Rup = ZW(Fops —
T Heating cycle.
¥ Cooling cycle.

Feac) 12 WP,

iors, not least because of the experimental difficulties in
determining cation site occupancies at high temperature
with accuracy, combined with the generally small tem-
perature ranges over which the order-disorder was mea-
sured in the past. Our new high-temperature neutron data,
however, provide a unique opportunity to re-appraise the
models of the ordering behavior with more reliability than
has been possible previously. They provide an absolute
and precise measure of the long-range order in spinel over
avery wide temperature range all the way up to 1600 °C.

A multiple non-linear least-squares fit to the equilibri-
um behavior of the inversion parameter from the data of
stoichiometric MgAlLO, measured at both 1SIS and IPNS
(between 560 °C and 1600 °C) yields values of the ther-
modynamic parameters a = +32.8 = 0.9 kJ/mol and B
= +4.7 = 2.0 kJ/mol, with areduced x2 of 1.46. The data
were weighted according to estimated standard deviations
from the refinements quoted in Table 1, and an estimated

uncertainty in the temperature of +5 °C. The result (Fig.
2b) provides a good fit to the data, but the sign of the
refined B parameter is opposite to that found in many
other 2—3 spinels and most other (more limited and lower
resolution) data sets for MgAIl,O, analyzed using this
model. It does, however, reflect the recent findings for
hercynite reported by Harrison et a. (1998d). It appears
that the assumption that cation ordering in all 2—3 spinels
can be described by an expression for enthalpy with a
constant value of B = —20 kJ/mol is not justified.

An aternative expression for the free energy of order-
ing, truncates the enthalpy at the linear term in x, but
incorporates an additional term for the entropy, to account
for any non-configurational entropy:

AG = ax — Tox + RT >, N.XiIn XI. (4
ij

Fitting the data, as before, we obtain « = 30.7 = 1.1 kJ
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Ficure 5. Comparison of the temperature variation of the
inversion parameter, X, in stoichiometric (open symbol) and
dlightly non-stoichiometric spinel (filled symbols). The effect of
Mg-deficiency is to decrease the overall degree of order. The
solid line and dashed lines are fits to the data for the two com-
positions using O'Neill and Navrotsky's (1983) thermodynamic
model.

and ¢ = —3.22 = 0.80 J with a reduced x2 of 1.44. The
fit is, therefore, as good as that given by Equation 3, but
(at the temperatures corresponding to our data) the neg-
ative value of o means that the —Tox term in the expres-
sion for free energy is approximately equivalent to the
BX2 term in Equation 2.

Another approach to modeling ordering in spinels pro-
posed by Carpenter et al. (1994) and Carpenter and Salje
(19944) is based on Landau’s theory of phase transitions
(Landau and Lifshitz 1980): The free energy of an inter-
mediate spinel is calculated relative to a hypothetical spi-
nel with the fully disordered cation distribution. The ex-
cess free energy of ordering is expressed as an expansion
in terms of the order parameter, Q:

AG = -hQ + %a(T - T)Q* + %cQ6 ©)

where h, g, T, and c are constants. This expression for
the free energy differs from that given in Equation 2 in
two respects. First, the AH term in the Landau expansion
contains linear, quadratic, and 6th-order terms, whereas
AH in Equation 2 is expressed as linear and quadratic
terms. Second, the excess entropy of ordering in the Lan-
dau potential is a simple quadratic function of the order
parameter, in contrast to the exact form of the configu-
rational entropy employed in the O’Neill and Navrotsky
(1983) model and the expression given in Equation 4.
Setting 0AG/0Q = 0, an expression relating Q and T at
equilibrium is obtained:
— TC — ! 5
T T°+(c’fl)Q(1 c'Qd) (6)
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Ficure 6. Comparison of the three models for the free en-
ergy of order-disorder in spinel, over awide temperatureinterval.
Extrapolation beyond the temperature range of the fitted data
leads to significant discrepancies in the expected order-disorder
behavior.

where ¢’ = ¢/h (Harrison and Putnis 1997). A weighted
least squares fit (employing the errors for Q given by the
refinements and errors in T of =5 K) of the data of stoi-
chiometric MgAl,O, (for the 38 measurements between
560 and 1600 °C) yields values of the thermodynamic
parameters of T, = 445 = 109 K and ¢’ = 1.62 + 0.21,
with a reduced x2 of 1.36. Comparing the fit of the Lan-
dau model with the O’ Neill-Navrotsky model for ordering
(Fig. 2), we see that both formalisms fit the measured
data adequately over the temperature interval of the data.
At the temperatures of geological interest, the curvature
of the O’ Neill-Navrotsky ordering scheme is greater than
that of the Landau model, and the curvature of the or-
dering scheme described by Equation 4 is greatest of all.
These descriptions will differ more markedly from each
other on extrapolation outside the range of the fitted data,
for example at conditions close to the melting point of
MgAIO, (Fig. 6).

Data from the non-stoichiometric Mg-deficient spinel,
Mg,.AlLO, were fit using the same thermodynamic mod-
els and procedures. Equation 2 yields o = +25.7 + 1.4
kdJmol and g = +11.4 = 2.8 kJ/mol, with a reduced x2
of 0.85 (shown in Fig. 5). Equation 4 gives a = 24.3 +
1.2kJand ¢ = —5.68 = 0.95 Jwith areduced x2 of 0.80.
Fitting to the Landau expression for the ordering behavior
(Eq. 6) gives parameters of T, = —122 = 151 K and ¢’
= 0.87 = 0.15, with areduced x? of 0.95. Comparing the
fitted equilibrium behavior of the MgAI,O, with that of
Mg,AlLO,, we see that the effect of introducing 1 mol%
Mg deficiency into the structure is to increase the degree
of inversion by x = 0.02.

Comparison with earlier studies on MgAl,O,

Our work is unique in that it gives an absolute measure
of the average cation site occupancies over a greater tem-
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Ficure 7. Comparison of our data (solid circles) with earlier
studies of order-disorder in spinel. Yamanaka and Takéuchi’'s
(1982) vaues of u, combined with our result from Figure 3b,
were used to infer a measurement of x from their X-ray study.

perature range than any previous in situ study, and with
the finest temperature resolution yet attained (Fig. 7).
There are three high-temperature in situ studies of order-
disorder in spinel that we may compare our results
against, to reveal a consistent picture of the high-temper-
ature behavior.

The single-crystal X-ray study of Yamanaka and Tak-
éuchi (1983) reported anomalously low occupancies of
Al in the tetrahedral site, suggesting that spinel was more
ordered at high temperature than found here. Part of the
difficulty of obtaining site occupancies from X-ray dif-
fraction is that there is amost no scattering contrast be-
tween Mg and Al, and site occupancies cannot be deter-
mined absolutely and reliably by this method. Yamanaka
and Takéuchi did, however, report values for the oxygen
positional parameter as a function of temperature for their
sample. Furthermore, our neutron results define the rela
tionship between oxygen positional parameter, u, and in-
version parameter, X. Thus, using Equation 1 (above), we
can convert Yamanaka and Akeuchi’s values of u into
equivalent values for the inversion parameter, x. This
gives the disordering behavior shown by the crosses in
Figure 7. Although similar to our results, their data would
still suggest that the sample was more ordered than we
would expect at high temperatures. This may be due to
the low values of x that they use in their crystal structure
refinements, because our Rietveld refinements show that
the values of u and x are correlated to some extent. It
would be interesting to refine the data of Yamanaka and
Takéuchi once again, imposing more realistic values for
x on the refinement, because this is likely to reduce u to
a value that isin closer agreement with our results.

The neutron diffraction work of Peterson et al. (1991)
followed a similar approach to our work, but (as can be
seen from their data, shown as triangles in Fig. 7) sug-
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gests spinel is more disordered than seen here. Thislikely
occurs because their samples were non-stoichiometric: as
we have shown, a small degree of non-stoichiometry in-
troduces a significant degree of additional disorder. Un-
fortunately, they do not provide a value of the cell pa
rameter of their samples that was obtained using an
internal standard, and the cell parameter obtained by
time-of-flight neutron diffraction is dependent, at the lev-
el of one part in 10000, on the exact position of the sam-
ple in the flight path and the calibration of the detectors.
We would expect results similar to those obtained by Pe-
terson et al. (1991) for a spinel sample of approximate
composition Mg, ,Al,O,.

High-temperature NMR work of Maekawa et al. (1998)
provides new in situ measurements of the inversion pa-
rameter up to the highest temperatures of our study (1600
°C). The open circles show their results in Figure 7. We
see that their results are in good agreement with our mea-
surements across the temperature range. It is interesting
to note, therefore, that they obtained quite different re-
sults for a fit to their data of the O’'Neill and Navrotsky
(1983) model, which they reported as gave o« = 35 = 5
kJ, B = —32 = 5 kJwhen applied to their data. It appears,
however, that they used an unweighted fit to obtain their
parameters. We suggest that the difference between their
conclusions and ours, regarding the thermodynamic mod-
eling of the disordering process, lies in the large errors
associated with their highest temperature data. These data
exert a strong leverage on the fitted results, especialy if
an unweighted fit is attempted. On the other hand, we
have high confidence in all our refined site occupancies,
up to the highest temperature of study, and (carrying out
a properly weighted fit) obtain a small positive value for
B, rather than the large negative value suggested by Mae-
kawa et a. (1998). This serves as a caveat for the fitting
of such models to order-disorder data, because the fit pa-
rameters (especially second-order terms such as the B
term in Eq. 2) can have a high sensitivity to the data at
the extreme end of the measurement range. In conclusion,
we note that Figure 7 indicates that our results are con-
sistent with the previous in situ studies of MgAl,QO, or-
dering in spinel, but provide a new thermodynamic de-
scription for the disordering behavior in which we can
feel confident.

Kinetic behavior

The process of cation distribution relaxation, which oc-
curs when quenched materials are heated slowly to high
temperatures, has been quantified by Harrison and Putnis
(1996) and Redfern et al. (1996) using the Ginzburg-Lan-
dau rate law (Carpenter and Salje 1989; Salje 1988). The
rate law is of the form:

dQ vy exp(—AH*/RT) aAG
dt 2RT aQ

where t is time, vy is a frequency factor, AH* is the acti-
vation energy, and AG is the appropriate free energy po-

()
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Ficure 8. Cdlculation of the cation distribution relaxation
process with a heating rate of 60 K/h. Thick lines are the cal-
culated non-equilibrium behavior using the Ginzburg-Landau
rate law (Eq. 7) on heating (solid) and cooling (dashed), with the
thermodynamic driving force given by the O'Neill and Navrot-
sky (1983) model (Eq. 2). Thin dashed line = the equilibrium
ordering curve from Equation 2.

tential describing the cation ordering process. Integrating
Equation 7 under isothermal conditions we obtain:

fto Q —2RT IAG
® Jo, ¥ eXp(—AH*/RT)\ aQ

) Q (@®

where Q, is the initial value of Q at time t,. This alows
one to calculate the time taken to change Q by AQ = Q
— Q,. Alternatively (and more usefully) an inverse cal-
culation may be made and the time dependence of the
relaxation of Q toward equilibrium may be found: The
change in Q, Q — Q,, expected during a time interval t
— t,, can be determined by calculating the integral nu-
merically over a range of limits of Q, and iteratively ob-
taining the best fit value of Q corresponding to t. Alter-
natively one may calculate the change in Q for a given
annealing time by evaluating Equation 8 numerically, and
varying the upper limit of integration in an iterative pro-
cedure until the correct annealing time is obtained. The
evolution of Q vs. t during heating or cooling at a con-
stant rate can be determined by approximating the con-
stant heating or cooling rate by a series of discrete iso-
therma annealing steps separated by an instantaneous
temperature change.

To apply the O’'Neill and Navrotsky (1983) model to
the Ginzburg-Landau rate law, the free energy due to or-
dering (Eq. 2) was recast in terms of Q, using the sym-
metric formalism of Holland and Powell (1996). An es-
timate for the frequency factor y = 1.354 x 10° s* was
taken from the analysis of the kinetics of order-disorder
in MgFe,O, spinel (Harrison 1997). The activation energy
was then chosen in order to fit the experimental data. A

REDFERN ET AL.: CATION ORDERING IN SPINEL IN SITU

0.9
L] FCA1204
°o MgAl,O
!i ALty
%
0.8 4 o 8 o3
o [ ] oéo (3} o8
o o 8§
) ° F
B [}
1N [-]
o) 0 °° .. %
0.7 4 @
s °w°!§
9] o
5 ) . [ ]
%) o
) L)
[
0.6 So
000
o
?
0.5 — T ——T——T— T
200 400 600 800 1000 1200 1400 1600 1800

Temperature (K)

Ficure 9. Comparison of the high-temperature order-disor-
der behavior of spinel (this study, shown as open circles) with
that of hercynite (solid circles, data of Harrison et a. 1998). The
close correspondence between the temperature-dependent behav-
ior of the end-members indicates the ideality of the spinel-her-
cynite solid solution.

value of AH* = 230 kJmol gave the best fit, athough
our confidence in this value can only be as high as our
confidence in the choice of . The kinetic calculation was
performed with a heating rate of 60 K/h, which was the
approximate heating rate used during the neutron data
collection. The constant heating rate was approximated to
a series of isotherma annealing steps of 72 s duration,
separated by an instantaneous temperature increase of 1
K. The calculation was begun at room temperature and
Q = 0.706 (i.e., the degree of order maintained after
quenching from the synthesis temperature). The caculated
evolution of Q vs. T during heating is shown in Figure 8.

Implications for ordering in the Mg, Fe,_,Al,O, solid
solution

In Figure 9 we compare the results of this study with
a recent in-situ neutron diffraction study of ordering in
FeAlO, (Harrison et a. 1998a). The degree of inversion
as a function of temperature in the Mg and Fe end-mem-
bers is identical within the error. The thermodynamic co-
efficients obtained by Harrison et a. (1998a) are a = 31.3
kJmol and g = 19.7 kJ/mol, which supports the conclu-
sion made earlier that g is not negative for all spinels.
The close correspondence between the temperature de-
pendent behavior of the end-members indicates the ide-
ality of the spinel-hercynite solid solution. O'Neill et al.
(1992), in their comparison of ordering in magnesioferrite
(MgFestO,) and magnetite (Fe>*Fe+O,), reached the
same conclusion regarding the similarity of Mg and Fe2*
in 2—3 spinels. This allows use of simplifying assump-
tions to model the thermodynamics of the Mg-Al-Fe?+-
Fes+ spinel system (Harrison et al. 1998b).
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