
INTRODUCTION

The 2-3 class of oxide spinels (space group Fd3m) is repre-
sented by the general formula unit AB2O4 where A is a divalent
cation and B is a trivalent cation. The oxygen anions form an
approximately cubic close packed arrangement, and the cations
distribute themselves over one tetrahedral site and two octahe-
dral sites per formula unit, according to the general scheme:
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where brackets represent cations on octahedral sites. The vari-
able i is referred to as the inversion parameter. Two ordered
configurations of the spinel structure can be adopted at low tem-
peratures; the normal configuration with i = 0 and the inverse
configuration with i = 1. At elevated temperatures, the cations
became increasingly randomly distributed over tetrahedral and
octahedral sites. A value of i = 2/3 corresponded to a completely
random distribution of A and B over the three cation sites per
formula unit. Because the order-disorder process in spinel is of
the non-convergent type (there is no symmetry difference be-
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ABSTRACT

Non-convergent cation ordering in the (Fe3O4)1-x(MgAl 2O4)x solid solution was investigated us-
ing in-situ time-of-flight neutron powder diffraction. The approach to equilibrium in a sample with
x = 0.75 was observed at 923 K by performing in-situ structure refinements at intervals of 5 min,
and the ordering behavior was traced through the time-dependence of the lattice parameter, the
cation-oxygen bond lengths, and the cation-site scattering lengths. The data are consistent with a
two-stage kinetic process in which relatively rapid exchange of Fe3+ with Mg and Fe2+ between
tetrahedral and octahedral sites was followed by slower exchange of Mg with Al. The Fe3+ cations
are shown to order onto tetrahedral sites, contrary to the predictions of thermodynamic models for
the solid solution.

Equilibrium cation distributions in samples with x = 0.4, 0.5, and 0.75 were determined between
1073 and 1273 K by combining the structure refinements with measurements of saturation magne-
tization in quenched material. The adopted cation distribution was a compromise between the nor-
mal and inverse distributions observed in the end-members. The conflict of site preference between
these two ordering schemes resulted in a simple behavior in the middle of the solid solution in
which Al occurred predominantly on octahedral sites and the Mg, Fe2+, and Fe3+ cations were dis-
tributed randomly over the remaining sites. The ordering scheme adopted away from the middle of
the solid solution was obtained by combining this pseudo-random scheme with a tetrahedral site
preference of Fe3+ relative to Mg and Fe2+. Comparison of the structure refinements with published
thermodynamic models demonstrates that quantitative agreement was poor between calculated and
observed behavior in this system. Qualitative agreement with the O’Neill-Navrotsky thermody-
namic model was found near the middle of the solid solution.

tween an ordered and a totally disordered spinel), such a com-
pletely random distribution would only be anticipated at infi-
nite temperature and is approached asymptotically on increas-
ing temperature.

The end-members magnetite (Fe3O4) and spinel (MgAl2O4)
adopt the inverse and normal cation distributions respectively
at low temperature (Millard et al. 1992; Peterson et al. 1991;
Wood et al. 1986; Wu and Mason 1981). Cation ordering in
their solid solutions is expected to be a complex function of
composition, due to the conflict of site preference displayed by
Mg and Fe2+ cations in the end-members (O’Neill and Navrotsky
1984). Experimental determination of the ordering is made dif-
ficult by several factors. First, the experiments have to be per-
formed in situ, due to the unavoidable problem of cation redis-
tribution during quenching from high temperature (Wood et al.
1986; Millard et al. 1992; Larsson et al. 1994; Harrison and
Putnis 1996). This is especially a problem in spinels containing
Fe2+ and Fe3+ cations, because these can exchange with each
other relatively rapidly by the transfer of an electron. Second,
the experiments have to be performed either under high vacuum
or controlled oxygen fugacity to prevent oxidation of Fe2+ to
Fe3+. Finally, because of many independent variables needed to
describe the cation distribution, a combination of several inde-

0003-004X/99/0004–0555$05.00     555

American Mineralogist, Volume 84, pages 555–563, 1999

*E-mail: harrisr@nwz.uni.muenster.de



HARRISON ET AL.: ORDERING IN MAGNETITE-SPINEL SOLID SOLUTIONS556

pendent experimental observations is required to obtain unique
values for all the cation occupancies.

The difficulty in determining cation distributions experimen-
tally prompted several theoretical studies of cation ordering in
this system (O’Neill and Navrotsky 1984; Lehmann and Roux
1984; Nell and Wood 1989; Sack and Ghiorso 1991). These mod-
els allow calculation of the cation distribution as a function of
temperature and composition and are commonly used to ascertain
oxygen fugacities in the upper mantle (O’Neill and Wall 1987;
Woodland 1988; Wood 1990). To date, only one in-situ study ex-
ists with which to test these theoretical models: Nell et al. (1989)
which measured in-situ cation distributions using the electrical
conductivity/Seebeck-effect technique (Mason 1987). We dem-
onstrate in this study, however, that inconsistencies exist between
the experimental measurements of Nell et al. (1989) and the satu-
ration magnetization measurements of Harrison and Putnis (1995)
and Harrison (1997).

This study aims to provide a new experimental constraint on
the cation ordering in the (Fe3O4)1-x(MgAl 2O4)x solid solution
through in-situ structure refinements using time-of-flight neutron
powder diffraction (Peterson et al. 1991; Redfern et al. 1996).
Time-of-flight neutron scattering is an ideal probe of cation or-
dering in this mineral, due to the good contrast between the neu-
tron scattering lengths of Fe, Mg, and Al (Table 1), the ability to
perform the experiment in-situ under high vacuum, and the abil-
ity to record the entire diffraction pattern rapidly (hence reducing
the amount of time the sample was annealed at high temperature,
which lowers the probability of exsolution occurring at tempera-
tures below 1000 °C). Although the data did not allow the spe-
cific distribution of Mg, Al, Fe2+, and Fe3+ to be calculated uniquely,
the high accuracy and precision of the results permitted evalua-
tion of various thermodynamic theories of the cation ordering pro-
cess. With appropriate assumptions, we propose a simple cation
ordering scheme that is consistent with both the in-situ structure
refinements and the measurements of saturation magnetization in
quenched material.

EXPERIMENTAL  PROCEDURES

Sample synthesis

Samples of the (Fe3O4)1-x(MgAl 2O4)x solid solution with x =
0.4, 0.5, and 0.75 were synthesized from the oxides using the tech-
nique described by Harrison and Putnis (1995). The starting ma-

terials for all syntheses were 99.9% pure Fe2O3 and MgO, and
Al 2O3 prepared by firing AlCl3·6H2O for 2 h at 673 K, 5 h at 973
K, and 1 h at 1173 K. The oxides were weighed in stoichiometric
proportions, ground together, and pressed into pellets of 13 mm
radius and thickness 2 to 4 mm. Five pellets at a time were then
suspended in a platium-wire basket (to minimize the contact be-
tween the Pt and the sample) and fired at 1673 K for 24 h in a
vertical-tube gas-mixing furnace under controlled oxygen fugac-
ity (Nafziger et al. 1971). A value of log(fO2

) = –4.2 was chosen to
yield stoichiometry in the magnetite component of the solid solu-
tion (Dieckmann 1982). Samples were quenched from 1673 K by
dropping directly from the furnace into water. Each batch of five
pellets was then ground together and fired for an additional 24 h
under the same conditions. The samples were then examined us-
ing a Phillips X-ray diffractometer. All samples were single-phase
spinels with sharp peaks. No trace of unreacted oxides were found
in either the X-ray traces or in the subsequent neutron diffraction
experiments. Compositions of the samples were checked using
electron microprobe analysis on a CAMECA SX50 using an en-
ergy dispersive detector (Table 2).

Neutron diffraction procedures

The neutron powder diffraction data were collected using the
high-intensity POLARIS time-of-flight diffractometer at the ISIS
spallation neutron source (Rutherford Appleton Laboratory, U.K.).
The sample powder was loaded into a thin-walled vanadium can
and suspended inside a vanadium element furnace, which was
evacuated to a pressure of 10–6 mbar. The temperature was mea-
sured and controlled using type K thermocouples. The sample and
furnace thermal mass ensured good thermal stability throughout
each data collection. The neutron diffraction patterns were col-
lected for flight times between 2.5 and 19.6 ms, corresponding to
d-spacings between 0.4 and 3.2 Å. This range of data included
around 250 independent Bragg reflections, giving 140 individual
Bragg peaks in the powder diffraction pattern when accounting
for different reflections having identical d-spacings. The data from
individual detectors were corrected for electronic noise, normal-
ized against standard spectra from a sample of vanadium, and fo-
cused using in-house software. No corrections were made for beam
attenuation by the furnace or sample, because these were found to
be negligible.

The crystal structures were refined from the data using the
Rietveld method with in-house software. The background signal
was modeling using Chebyshev polynomials. The crystallographic
variables were the unit cell parameters, the coordinates of the O
atoms, the occupancies of the tetrahedral and octahedral sites, and
the temperature factors (space group Fd 3m). The site occupan-
cies were handled by refining the neutron scattering length asso-
ciated with each site, subject to the constraint that the sum of the
scattering lengths should remain at a constant value. The aniso-
tropic temperature factors of the oxygen sites were refined using
two independent parameters, but it was found that no improve-

TABLE  1. Individual scattering lengths and room temperature tetra-
hedral-oxygen bond lengths

Cation b (fm) Rtet (Å)†

Mg 5.375 1.965
Al 3.449 1.77
Fe2+ 9.45 1.995
Fe3+ 9.45 1.865
*Sears (1992).
†From O’Neill and Navrotsky (1983).

TABLE  2. Microanalysis of synthetic samples

Mg Al Fe O
Sample (mol%) (mol%) (mol%) (mol%) Mg Al Fe Sum

NS75 10.9(2) 21.6(2) 10.7(2) 56.7 0.77(7) 1.52(9) 0.76(10) 3.05
NS50 6.9(1) 13.7(2) 22.2(2) 57.2 0.48(6) 0.96(9) 1.55(10) 2.99
NS40 5.4(1) 11.1(2) 26.2(3) 57.22 0.38(7) 0.8(1) 1.8(1) 2.98
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ment in the refinement could be obtained using anisotropic tem-
perature factors for the atoms on the octahedral and tetrahedral
sites, so these were treated using isotropic temperature factors.
All three samples were paramagnetic at the temperatures investi-
gated, and hence there were no contributions due to magnetic scat-
tering in the diffraction patterns. An example of a fitted diffrac-
tion pattern is given in Figure 1, and the results of the refinements
are listed in Table 3.

RESULTS AND DISCUSSION

Ordering behavior during isothermal annealing

As mentioned earlier, the cation distribution partially reorders
during quenching until it becomes frozen-in below some closure
temperature. If this quenched material is annealed below the clo-
sure temperature there is a thermodynamic driving force for or-
dering, and the cations attempt to move onto their preferred sites
(Redfern et al. 1996). The way in which the (Fe3O4)1-x(MgAl 2O4)x

solid solution approached equilibrium was investigated at 923 K
and composition x = 0.75 by annealing the sample in the
diffractometer and performing in-situ structure refinements as a
function of time. The relatively high neutron flux of the POLARIS
diffractometer and the ability to collect the whole diffraction pat-
tern at once allowed structure refinements to be obtained with a
counting time of 5 min. This counting time was a satisfactory com-
promise between obtaining good counting statistics and minimiz-
ing error due to the change in the cation distribution with time. At
this bulk composition and temperature, the system lies outside
the coherent solvus. Although incoherent exsolution is thermody-
namically feasible under these conditions, no evidence of
exsolution was seen in the diffraction patterns.

The variation in the lattice parameter (a) as a function of an-
nealing time for the composition x = 0.75 is shown in Figure 2a.
During the first 1400 s of the measurement, a sharply increased,
after which a increases at a very much slower rate. This slowing
down in the rate of change of a is often interpreted as the cation
distribution approaching equilibrium. This is not the case here as
shown by the corresponding changes in tetrahedral and octahe-
dral site bond length (Rtet and Roct) during the experiment (Figs. 2b
and 2c). Although the error bars are large (due to the short count-
ing times), significant changes in Rtet and Roct clearly occurred
between 1400 and 4000 s. Despite the very small changes in a
during this period, cation exchange between tetrahedral and octa-
hedral sites was still occurring, and the sample had not reached
equilibrium.

One possible explanation for the lattice parameter behavior
can be obtained by treating the data obtained during the first 1400
s (stage 1) separately from the data obtained subsequently (stage
2). The sharp increase in a during stage 1 was accompanied by a
small decrease in Rtet and a small increase in Roct, whereas the
slow increase in a during stage 2 is accompanied by an increase in
Rtet and a decrease in Roct. Simultaneously, the tetrahedral site scat-
tering length (btet) very slightly increases during stage 1, after which
btet remains essentially constant. These observations suggest that
each of the two stages is associated with a different cation ex-
change reaction (or combination of reactions). Because mobili-
ties of the various cations in the solid solution can be very differ-

ent, it is possible for the system to reach various intermediate equi-
librium states during annealing where each intermediate state is
defined by minimizing the free energy of ordering with respect to
some, but not all, of the cation occupancies (Sha and Chappell
1996). When an intermediate state is approached, the cation ex-
change process responsible for reaching that state slows down,
and the other cation exchange processes continues until the next
state of equilibrium is reached. This leads to a changeover of the
dominant cation exchange reaction and hence a change in the trends
of a, Rtet, Roct, and btet vs. time.

The dominant cation exchange reactions responsible for the
two stages of the isothermal annealing experiment can be deter-
mined using Table 4, which summarizes the changes in Rtet and btet

for the six possible cation exchange reactions (the additional six
reverse reactions are not germain). The decrease in Rtet and in-
crease in btet during stage 1 is consistent with the first two cation

FIGURE 1. Time-of-flight neutron diffraction pattern for synthetic
spinel. There is a linear relationship between time-of-flight and the
interplanar d-spacing. In this case, the limits correspond to (a) 0.65–1.3
Å, and (b) 1.3–3.17 Å.

FIGURE 2. Time dependence of (a) lattice parameter, (b) tetrahedral-
oxygen bond length, (c) octahedral-oxygen bond length, and (d) tetrahedral
scattering length during isothermal annealing at 923 K and x = 0.75. Solid
lines are guides to the eye.
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0(10)
360(10)
720(10)
1080(10)
1440(10)
1800(10)
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2520(10)
2880(10)
3240(10)
3600(10)
3960(10)

TABLE  3. Results of structure refinements

X T (K) a (Å) µ Btet (fm) Rtet (Å) Roct (Å) Btet Boct Time (s)

Notes: Space group Fd3
–m.
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exchange reactions in Table 4, both of which involve Fe3+ cations
ordering onto tetrahedral sites, displacing Mg and Fe2+ cations
onto octahedral sites. The time taken to reach this state agrees
well with experimental data on the rate of Mg-Fe3+ exchange in
MgFe2O4 (O’Neill 1994). The increase in Rtet during stage 2 of the
ordering is consistent with any of the other four forward reactions
in Table 4. The negligible increase in btet suggests that the most
appropriate reaction involves Al cations ordering onto octahedral
sites, displacing Mg cations onto tetrahedral sites.

The reason that the change in a during stage 2 is smaller than
in stage 1, despite the fact that the change in Rtet is larger, can be
seen by examining the relationship between cell parameter and
bond length:

a
R R R

=
+ −40 8 33 82 2

tet oct tet

11 3
(1)

Equation 1 is plotted as a contour diagram in Figure 3. The
solid arrows show the observed paths taken by Rtet and Roct during
the annealing experiment (obtained by plotting the solid lines in
Figs. 2b and 2c against each other). The exchange of Fe3+ with
Mg and Fe2+ during the first stage causes the system to cut across
the contours, leading to a large change in a. The exchange of Al
with Mg during the second stage causes the system to move ap-
proximately parallel to the contours, leading to a much smaller
increase in a. Thus, measurements of a alone gives a false im-
pression that the cation distribution is approaching equilibrium.
In solid solutions where different cation exchange processes oc-
cur at different rates, more detailed measurements are required to
distinguish between the various states of intermediate and global
equilibrium.

Alternatively, increasing lattice parameter can be explained by
a change in the oxidation state of the sample as it is annealed
under vacuum (R.C. Peterson, personal communication). The rapid
increase in lattice parameter is consistent with conversion of Fe3+

to Fe2+ as the sample adjusts to the new redox conditions of the
annealing experiment. The rate of change of a decreases as the
sample approaches the equilibrium Fe2+/Fe3+ ratio for the new
oxygen fugacity. This explanation is consistent with the overall
rate of increase in a and the small change in btet observed during
annealing. We feel, however, that it is not consistent with the ob-
served changes in bond length during annealing (Figs. 2b, 2c, and
3). We demonstrate in the next section that Fe3+ occurs in approxi-
mately equal proportions on tetrahedral and octahedral sites in
this sample at this annealing temperature. Therefore, if the in-

crease in a is caused by the reduction of Fe3+ to Fe2+, one would
expect both Rtet and Roct to increase in the manner shown by the
dotted arrow in Figure 3, rather than in the observed manner (shown
by the solid arrows). Furthermore, one would expect the increase
in bond length to be rapid at first and slow down as the sample
reached equilibrium. Because the opposite is observed during an-
nealing, we favor the interpretation presented above based on the
exchange of cations between tetrahedral and octahedral sites.

High-temperature ordering behavior

The high-temperature cation ordering behavior of samples with
x = 0.4 and 0.5 was investigated at temperatures between 873 and
1273 K. The high-temperature cation ordering behavior of the
sample with x = 0.75 was investigated at temperatures between
923 and 1273 K, after isothermal annealing at 923 K for 4000 s
(see previous section). All measurements were started at low tem-
perature, and diffraction patterns were collected every 45 min
during heating up to 1273 K (30 min collection time plus 15 min
heating time). Measurements were made in 50 K steps for x = 0.4,
25 K steps for x = 0.5, and 15 K steps for x = 0.75. A limited
number of diffraction patterns were collected during cooling, but
evidence of exsolution began to appear at temperatures below 1073
K in samples with x = 0.4 and 0.5 (distinct broadening at the base
of the diffraction peaks). No evidence of exsolution was detected
during the heating experiments.

Figure 4 shows the variation of btet vs. T for the three samples
studied. In all three cases the observed values of btet were greater
than the hypothetical value associated with a completely disor-
dered cation distribution (7.31 fm, 6.77 fm, and 5.43 fm for x =

TABLE 4. Changes in tetrahedral bond lengths and scattering lengths
due to cation exchange

Forward cation exchange reaction btet (fm) Rtet (Å)*

 Fe3+
oct + Fe2+

tet = Fe3+
tet + Fe2+

oct constant (0) decreases (–0.13)

Fe3+
oct + Mgtet = Fe3+

tet + Mgoct increases (4.2) decreases (–0.1)

Fe3+
oct + Altet = Fe3+

tet + Aloct increases (6.1) increases (0.095)

Fe2+
oct + Mgtet = Fe2+

tet + Mgoct increases (4.2) increases (0.03)

Fe2+
oct + Altet = Fe2+

tet + Aloct increases (6.1) increases (0.225)

Mgoct + Altet = Mgtet + Aloct increases (1.9) increases (0.195)

*Number in brackets gives the change for the forward reaction.

FIGURE 3. Contour diagram illustrating the relationship between the
lattice parameter and the tetrahedral-oxygen and octahedral-oxygen bond
lengths. Dashed lines are contours of constant lattice parameter (labeled
in angstroms). Solid arrows show the observed variation in Rtet and Roct

during isothermal annealing at 923 K and x = 0.75. Dotted arrow shows
the variation in Rtet and Roct that would be caused by reduction of Fe3+ to
Fe2+.
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0.4, 0.5, and 0.75, respectively). Therefore, a decreasing value of
btet is associated with the system moving to a more disordered
state (and vice versa). This behavior is characteristic of that seen
in all non-convergent systems when quenched material is heated
(Harrison and Putnis 1996; Harrison et al. 1998; Redfern et al.
1996; Sujata and Mason 1992). The starting value of btet is deter-
mined by the cation distribution obtained after quenching from
1673 K. This cation distribution is disordered with respect to the
equilibrium cation distribution (indicated by the solid line), and
hence there is a driving force for ordering as the material is heated.
At low temperatures, the kinetics are too slow to allow ordering
to occur, and btet remains constant. On heating to higher tempera-
tures the rate of ordering increases, and the cation distribution
begins to change. At some “relaxation temperature,” Tr, the cation
distribution rapidly approaches equilibrium. This is seen as the
increase in btet onto the equilibrium curve at around 1073 K for x
= 0.4 and 0.5, and at around 1140 K for x = 0.75. Above Tr the
system begins to disorder. It may be assumed that the samples are
at global equilibrium at temperatures above Tr. The maximum in
btet, which occurrs at 1030 K in Figure 4c may be a non-equilib-
rium relaxation temperature, which occurs when a stage of inter-
mediate equilibrium is approached on heating (similar to the ef-
fect seen during isothermal annealing of this sample). In this case,
the decrease in btet between 1030 K and 1140 K corresponds to
metastable disordering of the sample before global equilibrium is
reached above Tr.

The corresponding variations in Rtet (Fig. 5) at temperatures
below Tr are due mainly to thermal expansion. Above Tr there is
an additional contribution due to the disordering cation distribu-
tion. This contribution is negative in all three cases, leading to a
decrease in the slope of the Rtet vs. T curve. This allows a more
accurate determination of Tr than using the scattering lengths them-
selves. This decrease is caused mainly by the exchange of Al cat-
ions onto tetrahedral sites, displacing the larger Mg and Fe2+ cat-
ions onto octahedral sites (Yamanaka and Takéuchi 1983).

Comparison with existing thermodynamic models

The (Fe3O4)1-x(MgAl 2O4)x solid solution is a ternary, which re-
quires three parameters to fully describe the cation distribution:

Al Fe Mg Fe Al Fe Mg Fe Opp q r p q r x x q x r p q r x
3

1
2

2 2 2
3 2

4
+

− − −
+

− − −
+

− + + −
+[ ]  . (2)

The neutron structure refinements provides two results (btet and
Rtet) pertinent to the cation distribution. However, because in-situ
values for the individual cation-oxygen bond lengths are unknown,
Rtet cannot be used as a quantitative constraint. The measurements
of btet can be used, however, to provide an empirical test of any
given cation distribution model for the solid solution. Two mod-
els, of O’Neill and Navrotsky (1984) and Nell and Wood (1989),
are discussed here.

The O’Neill and Navrotsky (1984) model is applicable to bi-
nary solid solutions. To reduce the (Fe3O4)1-x(MgAl 2O4)x solid so-
lution to a binary, we assumed that Mg and Fe2+ had equal site
preference energies (i.e., no partitioning of Mg relative to Fe2+

between tetrahedral and octahedral sites). This assumption is jus-
tified by the comparison of cation ordering in the end-members
MgAl 2O4, FeAl2O4, MgFe2O4, and Fe3O4 (Harrison et al. 1998;
O’Neill et al. 1992; Wu and Mason 1981; Redfern et al. in prepa-
ration), and by the observation of ordering in the Fe3O4-MgFe2O4

solid solution (Nell et al. 1989). Under this assumption, the Mg
and Fe2+ distributions are determined by the overall degree of in-
version (p + q) and the bulk composition (x):

Al Fe Mg Fe Al Fe Mg Fe Opp q x - p-q -x - p-q x x q x p q x p q
3

1 1 1
2

2 2 2
3

1
2

4
+

( ) ( )( )
+

− − −
+

+( ) −( ) +( )
+[ ] . (3)

The free energy of the solid solution is given by combining the
enthalpy change due to ordering with the configurational entropy:

∆G p q p p q q pq RT N X Xj i
j

i j
i
j, ln

,

( ) = + + + + + ∑α β α β βAl Fe
2 2 2 (4)

FIGURE  5. The tetrahedral-oxygen
bond length as a function of temperature
for compositions (a) x = 0.4, (b) x = 0.5,
and (c) x = 0.75. Solid symbols indicate
measurements during heating. Open
symbols indicate measurements during
cooling.

FIGURE 4. The tetrahedral scattering
length, as a function of temperature for
compositions (a) x = 0.4, (b) x = 0.5,
and (c) x = 0.75. Solid lines show the
proposed equilibrium variation in btet as
a function of temperature. Solid symbols
= measurements during heating. Open
symbols = measurements during
cooling.



HARRISON ET AL.: ORDERING IN MAGNETITE-SPINEL SOLID SOLUTIONS 561

where αAl, αFe, and β are constants, xi
j is the fraction of cation i on

site j, and Nj is the number of j-sites per formula unit. O’Neill and
Navrotsky (1983) argued that β is similar for all 2-3 spinels with
an average value of β = –20 kJ/mol and obtained values of αAl =
56 kJ/mol and αFe = 20 kJ/mol by fitting to the cation ordering
behavior in the end-members. The equilibrium cation distribution
is defined by the global minimum of Equation 4. This yields two
equations that can be solved simultaneously to yield p and q. The
full cation distribution is then calculated from Equation 3, and btet

is calculated from the scattering lengths of the individual cations
(Table 1).

Two main discrepancies occur between the curves calculated
using the O’Neill and Navrotsky (1984) model and the results of
our structure refinements (Fig. 6a). First, the magnitudes of the
calculated scattering lengths are higher than observed. Second,
the model predicts that for x = 0.75 the Fe3+ cations order onto the
octahedral sites. This is contrary to our observation in the previ-
ous section that Fe3+ orders onto the tetrahedral site during iso-
thermal annealing of this sample below Tr. However, good agree-
ment exists between the observed and calculated slopes of the btet

vs. T curves for the compositions x = 0.4 and 0.5.
The Nell and Wood (1989) model can be applied directly to

the Mg-Al-Fe2+-Fe3+ ternary solid solution without assuming simi-
lar properties for Mg and Fe2+. The enthalpy due to ordering is
formulated as a second-order Taylor expansion in the three cation
distribution parameters and two compositional parameters required
to fully describe the cation distribution. This is combined with the
configurational entropy as before, and equilibrium is defined by
the global minimum of the free energy with respect to the cation
order parameters. This yields three equations that are solved si-
multaneously to give p, q, and r. There are 18 coefficients in the
free energy expansion, which were determined by fitting to vari-
ous cation ordering and phase equilibrium constraints. The pre-
dicted values of btet using this model (Fig. 6b) also agree poorly
with observed scattering lengths for all three samples. In particu-
lar, the calculated slopes of the ordering curves are much greater
than observed. As in the O’Neill and Navrotsky (1984) model, the

Nell and Wood (1989) model predicts that Fe3+ orders onto octa-
hedral sites for x = 0.75.

PROPOSED ORDERING SCHEME

Despite the limited temperature range over which equilibrium
data were collected, the lack of agreement with the existing mod-
els suggests a need to re-examine the ordering behavior of the
solid solution. To provide a more intuitive basis for comparing
the observed data with the predictions of the thermodynamic mod-
els, we propose a possible cation ordering scheme that is consis-
tent with the in-situ neutron refinements. We assume that Mg and
Fe2+ have equal site preferences, which reduces the number of
parameters describing the cation distribution to two (p and q).
These parameters can be calculated by combining the measure-
ments of btet with an additional experimental constraint, provided
by measurements of saturation magnetization (Ms). In the major-
ity of spinels, the magnetic moments associated with the Fe2+ and
Fe3+ cations adopt a co-linear arrangement below the Curie tem-
perature, with moments on tetrahedral sites aligned antiparallel to
those on octahedral sites. In this case, the net saturation magneti-
zation is given simply by the difference between the octahedral
and tetrahedral sublattice magnetizations:

MS = 2(µFe3+Xoct
Fe3 + µFe2+Xtet

Fe2+) - µFe3+Xtet
Fe3+ – µFe2+Xtet

Fe2+

    (5)

where µFe3+ and µFe2+ are the 0 K magnetic moments of the Fe3+

and Fe2+ cations (5 µB and 4 µB respectively; 1 µB = 9.27 × 10–24

Am2).
There are two main problems involved in using measurements

of Ms to constrain cation distributions. First, the measurements
had to be made on quenched material, and hence there is the pos-
sibility that the disordered cation distribution is not maintained
during quenching. This problem is serious for spinels containing
Fe3+ and Fe2+, because these cations can exchange rapidly with
each other simply by the transfer of an electron. Second, we as-
sume that the ideal collinear spin structure is adopted in all com-
positions of the solid solution. Although this is reasonable for
magnetite-rich spinels, it becomes less certain when the magne-
tite component is diluted and the relative size of the inter- and
intra-site magnetic interactions changes (Blasse 1964). If the as-
sumptions are valid, measurements of Ms provided a precise and
very sensitive constraint on the cation distribution. However, given
the uncertainty regarding maintenance of the disordered Fe2+-Fe3+

distribution during quenching, the following analysis is not quan-
titative. Our intention is to provide a qualitative picture of order-
ing in the solid solution.

For T = 1173 K, we used MS determined by Harrison (1997)
for the (Fe3O4)1-x(MgAl 2O4)x solid solution quenched from 1173 K
using hysteresis loops measured at 4.4 K and in a maximum field
of 12 T (Harrison and Putnis 1995, for experimental details). Val-
ues of Ms = 1.32, 0.88, and 0.025 µB were determined for samples
with x = 0.4, 0.5, and 0.75 respectively. The cation distribution at
other temperatures is derived from the btet data using the follow-
ing fitting procedure. The variation of p and q as a function of
temperature is calculated using the thermodynamic model of Car-
penter et al. (1994). The starting values of the coefficients in the
model were set equal to the values for the end-members MgAl2O4

FIGURE 6. Comparison of observed tetrahedral scattering lengths, btet

(fm), with values calculated using the thermodynamic models of (a)
O’Neill and Navrotsky (1984) and (b) Nell and Wood (1989). Data points
show the observed equilibrium values of btet for compositions x = 0.4
(triangles), 0.5 (squares), and 0.75 (circles). The size of the symbols
indicates the uncertainty. Only the equilibrium data points measured at
temperatures greater than Tr are shown. Solid lines indicate calculations
using the thermodynamic models. Dashed lines indicate our proposed
equilibrium variation in btet as a function of temperature.
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and MgFe2O4 (Harrison and Putnis 1997; Redfern et al., in prepa-
ration). From this starting model, the corresponding variation in
btet as a function of temperature is calculated and compared to the
observed values. The coefficients in the thermodynamic model
were then varied in a least squares procedure until the calculated
btet curve best fit the observed data, and the values of p and q at
1173 K passed through those calculated from the Ms data. The use
of the Carpenter et al. (1994) model to fit the data (and the values
of the coefficients extracted) has little thermodynamic significance
other than to ensure that p and q vary with temperature in a man-
ner that is physically reasonable. No constraints on the cation dis-
tribution at 0 K were applied. The results of the fits are shown as
the solid lines in Figure 4 and as the dashed lines in Figure 6.

In Figure 7, the solid lines show the tetrahedral cation occu-
pancies extracted using the fitting procedure described above. The
cation with the strongest site preference is Al, which occurs pre-
dominantly on octahedral sites in all three cases with a slowly
increasing amount on tetrahedral sites at high temperatures. The
ordering scheme adopted by the other cations is a compromise
between the normal and inverse ordering schemes adopted in the
end-members. According to the normal ordering observed in
MgAl 2O4, we expect Mg (and Fe2+) to show a strong tetrahedral
site preference relative to Al. According to the inverse ordering
observed in Fe3O4, we expect Fe2+ (and Mg) to show an octahe-
dral site preference relative to Fe3+. In the solid solution, there-
fore, there is a conflict between placing Mg and Fe2+ cations on
octahedral or tetrahedral sites. The simplest solution to this con-
flict is to distribute the cations randomly between those sites that
are not already occupied by Al. This “pseudo-random” ordering
scheme is indicated by the dashed lines in Figure 7. These lines
were calculated by fixing the Al distribution equal to the Al distri-
bution extracted from the fitting procedure, then distributing the
other cation randomly over the remaining tetrahedral and octahe-
dral sites. There is almost exact coincidence between this scheme
and the fitted cation distribution for x = 0.5 (Fig. 7b). In the other
two compositions, the overall values of the occupancies are also
similar to the pseudo-random scheme at low temperatures. The
fitted occupancies for these two compositions at higher tempera-
tures is obtained by exchanging tetrahedral Fe3+ with octahedral
Mg and Fe2+, consistent with the Fe3+ tetrahedral site preference ob-
served in the isothermal annealing experiment described earlier.

Figures 7b and 7c show the distributions of Fe2+ and Fe3+ (Nell
et al. 1989) using the in-situ electrical conductivity/Seebeck-ef-
fect technique (Mason 1987). For both compositions there is rea-
sonable agreement between the observed Fe2+ (Nell et al. 1989)
and the fitted Fe2+ distribution of this study. There is, however, a

large discrepancy between the Fe3+ distributions. This discrepancy
is also evident from the saturation magnetization measurements.
From the data of Nell et al. (1989), we calculated average satura-
tion magnetizations of Ms = –1.38 µB and –2.65 µB for x = 0.5 and
0.75, respectively (Eq. 6). These differ from observed values of
Ms = 0.88 µB and 0.025 µB (Harrison 1997), indicating that the
measurements of Nell et al. (1989) overestimated the amount of
Fe3+ on tetrahedral sites.

DISCUSSION

The calculated slope in btet with T (Fig. 6) is very different for
the O’Neill and Navrotsky (1984) and Nell and Wood (1989)
models, and the slopes calculated with the O’Neill and Navrotsky
(1984) model are very similar to the observed slopes for x = 0.4
and 0.5. The reason for this can now be investigated by compar-
ing the calculated cation occupancies for the two thermodynamic
models with our proposed cation ordering scheme.

The solid lines in Figure 8a show the calculated behavior us-
ing the O’Neill and Navrotsky (1984) model for the composition
x = 0.5. The dashed lines show the ordering scheme from this
study, obtained by fitting to btet and Ms. The two ordering schemes
are very similar, both being almost exactly described by the pseudo-
random scheme. For example, taking the Al distribution calcu-
lated by the O’Neill and Navrotsky (1984) model, we see that at
800 K the 1 Al cation pfu resides exclusively on octahedral sites.
The 1 Fe3+, 0.5 Fe2+, and 0.5 Mg cations pfu are then distributed
randomly over the remaining two sites, yielding tetrahedral occu-
pancies of 0.5 Fe3+, 0.25 Fe2+, and 0.25 Mg. According to the
pseudo-random scheme, the temperature dependence of the cat-
ion distribution as a whole is controlled by the rate of exchange of
Al between sites. Because only small amounts of Al disorder onto
tetrahedral sites, the temperature dependence of the cation distri-
bution in the solid solution is greatly reduced. This is responsible
for the very small slopes of the calculated btet curves in Figure 6a.

Less similarity exists between the Nell and Wood (1989) model
and our proposed ordering scheme (Fig. 8a). This model predicts
a pronounced temperature dependence of the Fe3+ distribution,
which is responsible for the steep slope of the calculated btet curves
in Figure 6b.

We conclude that our structure refinements are broadly con-
sistent with the thermodynamic model of O’Neill and Navrotsky
(1984) for compositions close to the center of the solid solution.
At this composition, the conflict between the normal and inverse
ordering schemes is greatest, leading to a compromise distribu-
tion with very little change in the cation occupancies as a function
of temperature. The small magnitude of the changes in btet ob-

FIGURE 7. Proposed tetrahedral site
occupancies as a function of temperature in
compositions (a) x = 0.4, (b) x = 0.5, and (c)
x = 0.75. Solid lines indicate occupancies
obtained by fitting to the in-situ btet data and
the quench magnetization data. Dashed lines
indicate occupancies that would be obtained
by distributing Mg, Fe2+, and Fe3+ randomly
between the sites not occupied by Al. The
data points in b and c show the distributions
of Fe3+ (circles) and Fe2+ (squares)
determined by Nell et al. (1989).
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served for all three samples here suggest that this simple ordering
scheme provides the template for ordering over a range in compo-
sitions about the middle of the solid solution. More in-situ experi-
ments are now required to determine how close to the end-mem-
bers this template is valid. Although the temperature dependence
of the cation distribution predicted by the O’Neill and Navrotsky
(1984) model is in agreement with the structure refinements, a
large discrepancy exists between the magnitude of the observed
and calculated scattering factors (Fig. 6a). The explanation for
this could lie in the assumption that β = –20 kJ/mol is a universal
constant for 2-3 spinels. Recent in-situ neutron structure refine-
ments on the end-members FeAl2O4 and MgAl2O4 (Harrison et al.
1998; Redfern et al., in preparation) strongly challenge this as-
sumption and suggest that in these materials β has the opposite
sign to that observed in other 2-3 spinels. In this case, the O’Neill
and Navrotsky (1984) model would require significant revision
before applying it to the Mg-Fe-Al spinel system.
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FIGURE 8. Comparison of tetrahedral site occupancies calculated by
(a) O’Neill and Navrotsky (1984) and (b) Nell and Wood (1989) (solid
lines), with the proposed cation distribution from this study (dashed lines).


