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INTRODUCTION

The rhombohedral oxide solid solution between ilmenite
(FeTiO3) and hematite (Fe2O3) is significant to both petrology
and paleomagnetism. The equilibrium between coexisting
rhombohedral and spinel oxides in the Fe-Ti-O system is com-
monly used to determine the temperature and oxygen fugacity
at which a natural assemblage was formed (Buddington and
Lindsley 1964). Members of the (FeTiO3)x(Fe2O3)1–x solid so-
lution with compositions 0.5 < x < 0.75 have large saturation
magnetizations and contribute significantly to the paleomag-
netic record (Banerjee 1991). Often such material is observed
to acquire self-reversed remnant magnetization (Nord and
Lawson 1989, 1992). In all cases, the high-temperature R3

–
 to

R3
–
c cation ordering transition plays a crucial role in determin-

ing the thermodynamic and magnetic properties. This transi-
tion involves the partitioning of Ti and Fe cations between
alternating (001) layers of the oxygen sublattice. Above the
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ABSTRACT

The R3
–
 to R3

–
c cation ordering phase transition in the ilmenite (FeTiO3) – hematite (Fe2O3) solid

solution has been investigated using in-situ time-of-flight neutron powder diffraction. Four syn-
thetic samples of the solid solution containing 70, 80, 90, and 100% FeTiO3 (ilm70, ilm80, ilm90,
and ilm100, respectively) were heated under vacuum to a maximum of 1350 °C. Powder diffraction
patterns were collected at several temperatures on heating and cooling, with a Rietveld refinement
performed in each case. Samples ilm80, ilm90, and ilm100 were fully ordered after quenching from
the synthesis temperature to room temperature. Sample ilm70 had a higher degree of quenched in
disorder, which is the result of chemical heterogeneities produced during quenching and subsequent
heating in the neutron experiments. The degree of order in all samples decreased smoothly at high
temperatures, with second-order transitions to the R3

–
c phase being observed at 1000, 1175, and

1325 °C in ilm70, ilm80, and ilm90, respectively. The transition temperature in ilm100 was higher
than the maximum temperature reached in the neutron experiments, and is estimated as ~1400 °C.
The character of the transition is typical of that predicted by three-dimensional Ising models and
appears to become more first-order in character with increasing Ti-content. The temperature-depen-
dence of the cell parameters reveals that components of the spontaneous strain tensor, e11 and e33, are
negative and positive, respectively. Little volume strain is associated with long-range ordering. A
small negative volume strain due to short-range ordering within the R3

–
c phase is identified. The

variations in cell parameters and cation-cation distances can be understood in terms of the compet-
ing effects of long- and short-range ordering as a function of temperature and composition.

transition temperature (Tc) the cations are distributed randomly
over all (001) layers. Below Tc the cations order to form Fe-
rich A-layers and Ti-rich B-layers.

The existence of a second-order phase transition in the il-
menite-hematite system was first demonstrated from measure-
ments of saturation magnetization on quenched samples with
compositions 0.53 < x < 0.74 (Ishikawa 1958 and 1962;
Ishikawa and Akimoto 1957; Ishikawa and Syono 1963). Over
this range in composition, the solid solution adopts a ferrimag-
netic structure, in which the magnetic moments on the A-lay-
ers are aligned anti-parallel to those on the B-layers. In the
ordered phase, more Fe is on the A-layers than on the B-layers,
leading to a net ferrimagnetic moment. In the disordered phase,
equal amounts of Fe on the A- and B-layers leads to a canted
antiferromagnetic structure with almost zero magnetic moment.
Hence, one can derive a simple relationship between the net
saturation magnetization and the distribution of Fe between
the layers (the so-called quench-magetization technique).

To date this has been the most common technique for study-
ing the phase transition. Its application, however, has several
shortcomings. First, it is necessary to make an assumption about
the distribution of Fe2+ and Fe3+ between the A- and B-layers.
It is normally argued on the basis of electrostatic energy mini-*E-mail: harrisr@nwz.uni-muenster.de
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mization that Fe3+ is equally distributed between the layers
(Brown et al. 1993). This has never been demonstrated directly,
however, despite detailed attempts to do so using Mössbauer
spectroscopy (Warner et al. 1972). Second, the magnetic prop-
erties of quenched material are affected by the presence of tran-
sition-induced twin-domain boundaries (Nord and Lawson
1989). The twin domains are ordered and have a large magne-
tization. The twin boundaries, however, are disordered and have
a small magnetization. The net magnetization, therefore, is a
function of the total volume of twin domain boundary, which,
in turn, is a complex function of the thermal history of the
sample. The third and most serious shortcoming of the quench-
magnetization technique is that, for compositions more Ti-rich
than x = 0.6, it is not possible to quench-in the high-tempera-
ture disordered phase (Brown et al. 1993). For x > 0.6, the ki-
netics of Fe-Ti exchange are sufficiently rapid to allow some
degree of cation re-ordering to occur during the quench. In fact,
for compositions close to pure FeTiO3, samples can reorder
fully on quenching. Consequently, data are presently lacking
on equilibrium cation distributions in the solid solution for
compositions 0.7 < x < 1.

These problems can be overcome by determining the cat-
ion distribution directly using in-situ diffraction techniques.
X-ray diffraction is not suitable because of the small differ-
ence between the atomic scattering factors of Fe and Ti. Neu-
tron diffraction, however, is ideal because the scattering length
for Fe is large and positive (b = 9.54 fm) whereas that for Ti is
small and negative (b = –3.44 fm) (Shirane et al. 1959 and
1962). Previous studies on oxidation-sensitive minerals have
shown that time-of-flight neutron powder diffraction can be
used effectively at high temperatures, without changing the
oxidation state of the sample (Harrison et al. 1998 and 1999;
Redfern et al. 1996; Grguric et al. 1999). This is possible be-
cause the experiments are performed under high vacuum in the

presence of a buffer. It is possible to obtain high-quality dif-
fraction information at d-spacings as low as 0.4 Å. Hence, struc-
tural parameters can be determined from the powder diffraction
patterns using Rietveld refinement to a precision which, in many
cases, rivals that of single-crystal structure refinements.

Here we present an in-situ time-of-flight neutron powder
diffraction study of the (FeTiO3)x(Fe2O3)1–x solid solution with
compositions x = 0.7, 0.8, 0.9, and 1.0. The measurements pro-
vide insight into the equilibrium behavior of this system over
this compositional range and allow us to observe simultaneously
the changes in degree of order, spontaneous strain, and the cat-
ion-cation distances as a function of temperature. A qualitative
interpretation of the observations is provided in terms of long-
and short-range ordering processes. A full thermodynamic
analysis of the results is the subject of a separate paper.

CRYSTAL  STRUCTURE

All samples studied here adopt the ordered ilmenite struc-
ture at room temperature, with space group R3

–
. The oxygen

anions occupy the general positions, forming a distorted hex-
agonal-close-packed arrangement. Cations occupy 2/3 of the
octahedral interstices. A-site cations occupy the sixfold c-
Wyckoff site (0, 0, z; symmetry 3) with z ≈ 0.35. B-site cations
occupy a second c-Wyckoff site with z ≈ 0.15. Conventionally,
it is assumed that Fe orders onto the A-sites and Ti onto the B-
sites. The A- and B-site cations form alternating hexagonal lay-
ers parallel to (001). Figure 1a illustrates the cation arrangement
within one (001) layer. The hexagonal rings are puckered so
that adjacent cations are displaced slightly up and down the
[001] axis (Fig. 1b). Figure 1c is a perspective view of the near-
est-neighbor cation-cation relationships. The oxygen co-ordi-
nation octahedra share faces across the nearest-neighbor
interlayer join (A-B) and share edges across the nearest-neigh-
bor intralayer join (A-A and B-B).

FIGURE 1. Topology of the ordered ilmenite structure, showing Fe (dark) and Ti (light) cation positions only. (a) View of a single A-cation
layer down the [001] axis. (b) View of the ordered A- and B-cation layers down the [100] axis. (c) Definition of nearest-neighbor A-A, B-B, and
A-B cation-cation distances. Distances quoted are for ordered ilmenite at room temperature (Table 3). The structure is drawn without the oxygen
sublattice and bonds are drawn to represent the nearest-neighbor cation-cation distances.
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In the disordered phase, the Fe and Ti cations are randomly
distributed over all (001) layers. In this case the A- and B-lay-
ers are symmetrically equivalent (related to each other via a c-
glide plane) and the space-group symmetry is R3

–
c. The oxygen

anions now occupy the 18-fold e-Wyckoff site (x, 0, 1/4; sym-
metry 2) and the cations occupy the 12-fold c-Wyckoff site (0,
0, z; symmetry 3). The presence of the c-glide plane in the dis-
ordered phase leads to the disappearance of reflections of the
type hh

–
0l, l = 2n  + 1 from the diffraction patterns.

EXPERIMENTAL  DETAILS

Sample synthesis

The samples were synthesized from the oxides Fe2O3 and
TiO2 under controlled oxygen fugacity. Stoichiometric mixes of
up to 8 g were weighed to yield bulk compositions containing
70, 80, 90, and 100% FeTiO3 (samples ilm70, ilm80, ilm90, and
ilm100, respectively) and homogenized by grinding under ac-
etone using an agate mortar and pestle. Each oxide mix was then
pressed into several pellets using a 13 mm diameter die. A series
of preliminary annealing experiments were performed to deter-
mine the precise oxygen fugacity conditions required to produce
stoichiometric material at each bulk composition. Small chips
from the sample pellets were suspended in a vertical-tube gas-
mixing furnace using two loops of Pt wire and annealed in a
controlled mixture of CO2 and CO gases at 1300 °C for 24 hours,
following Nafziger et al. (1971). Stable and precise control of
the gas mixture was obtained using two Tylan-General electronic
gas-flow controllers, which were calibrated specifically for CO2

and CO. After each annealing experiment the sample chip was
quenched directly from the furnace into water and examined using
a Philips X-ray diffractometer (CuKα radiation). If the chosen
ratio of CO2 to CO was too high (oxidizing) then traces of the
pseudobrookite-ferripseudobrookite solid solution appeared
clearly in the diffraction pattern (Waychunas 1991). If the cho-
sen ratio was too small (reducing) then traces of the magnetite-
ulvöspinel solid solution appeared. A small range of gas ratios
for each bulk composition gave rise to single-phase diffraction
patterns with sharp peaks corresponding to the rhombohedral
phase only. The center of this range was chosen for the main
synthesis experiments (Table 1).

The main synthesis experiments were performed by anneal-
ing several pressed pellets of the stoichiometric oxide mix for
24 hours under the conditions given in Table 1. After quench-
ing into water, a small amount from each pellet was ground
with Si and examined using powder XRD over the range 22° <
2θ < 89°. The peak positions were determined by peak fitting
and then corrected using a cubic spline fit to the six observable
Si peaks. The lattice parameters (Table 1) were determined using

the least-squares program UnitCell (Holland and Redfern 1997).
Good agreement was observed between the unit cell volumes
of the synthetic samples and the calibration given by Brown et
al. (1993) based on their own experiments and those of Lindsley
(1965). After XRD analysis, the samples were reground under
acetone, pressed into pellets and annealed for a further 24 hours
under the same conditions. The final product was a stack of
sintered pellets of 13 mm diameter and between 30 and 40 mm
height for each bulk composition. These pellet stacks were used
directly in the neutron diffraction experiments.

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 Labo-
ratory, U.K.). Diffracted intensity was measured using fixed-
angle detectors located at a scattering angle of 2θ = 90°. The
samples were loaded into a high-temperature Ta furnace, which
was evacuated to a pressure of 4 × 10–5 mbar to prevent both
the Ta elements and the sample from oxidizing during the ex-
periment. The vacuum improved as the furnace de-gassed at
high temperatures, reaching a minimum pressure of 1.6 × 10–6

mbar. No evidence of either oxidation or reduction of the sample
was detected during the experiments. This observation is con-
sistent with our previous experience using Fe-bearing samples
in this equipment, and can be attributed to the low oxygen fugac-
ity imposed by the Ta furnace (essentially at Ta-TaO).

Experiments on ilm70 were performed by suspending the
stack of pellets in a basket of 0.5 mm diameter Pt wire. Kinks
introduced into the Pt during fabrication of the basket severely
weakened the wire at high temperatures. In this case the basket
broke during the data collection at 1200 °C, preventing us from
performing a satisfactory structure refinement at this tempera-
ture and obtaining data during cooling. Subsequent experiments
were performed by suspending the sample pellets in a basket
of 0.25 mm diameter Ir wire. The Ir wire had the advantage of
having a large critical resolved sheer stress, high melting point
and a low reactivity. No scattering from Ir was detectable in
the diffraction patterns and no visible reaction with the sample
occurred up to the highest temperature studied.

Neutron diffraction patterns were collected at several tem-
peratures during heating. The temperature was controlled and
monitored using type K thermocouples, placed just above the
sample pellet stack. The sample was heated to the desired tem-
perature and left to thermally equilibrate for 5 minutes. Neu-
tron data were then acquired over a period of 50 minutes. The
maximum temperatures reached were 1200, 1325, 1350, and
1325 °C for the compositions ilm70, ilm80, ilm90, and ilm100,

TABLE  1.  Synthesis conditions and lattice parameters for ilmenite-hematite starting material

Composition (x) Temperature Volume ratio fO2
† a (Å) c (Å) V (Å3)

 (°C) (CO2/CO)

0.7 1300 0.990 –5.75 5.0731(7) 13.943(4) 310.7(2)
0.8 1300 0.976 –6.50 5.0786(4) 13.985(3) 312.37(9)
0.9 1300 0.928 –7.50 5.0828(7) 14.033(3) 313.97(13)
1.0 1300 0.600 –9.40 5.08795(60) 14.088(3) 315.8(1)
† Oxygen fugacity determined from tabulated values in Deines et al. (1974).
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respectively. After heating to 1350 °C, the sample of ilm90
showed signs of flow at the edges of the pellets, suggesting
that this temperature was close to the melting point for that
bulk composition. A small number of diffraction patterns were
collected during cooling of the ilm80, ilm90, and ilm100
samples.

The crystal structures were refined assuming ideally stoichio-
metric total site occupancies using the GSAS Rietveld refine-
ment software (Larson and Von Dreele 1994). All diffraction
patterns displaying ordering reflections of the type hh

–
0l ,

l = 2n + 1 were refined using the low-symmetry space-group R3
–
.

Diffraction patterns with no visible ordering reflections were
refined initially using the low-symmetry space-group. In these
cases, however, convergence could not be achieved, and the
high-symmetry space-group R3

–
c was used. The background was

modeled using a 6th-order Chebyshev polynomial. The crys-
tallographic variables were the unit-cell parameters (a and c),
the z-coordinates of the two cation sites (zA and zB), the x-, y-,
and z-coordinates of the oxygen atom (x , yo, and zo), the A-site
Ti occupancy (XATi) and the isotropic cation and oxygen dis-
placement parameters (Uc and Uo). It was not possible to refine
the displacement parameters for the A- and B-sites indepen-
dently because, at certain stoichiometries and degrees of order,
the total scattering from the B-site went through zero. To over-
come this problem, the displacement parameters for both sites
were constrained to be equal. Peak-shape parameters and a
correction parameter for the wavelength-specific absorption of
neutrons by the sample were also refined. The diffraction pat-
terns collected for ilm70 contained small contributions from
Pt. This was accounted for by including Pt as a second phase in
the Rietveld refinement. For this phase the unit-cell parameter,
the temperature factor, peak profiles, and the phase fraction
were refined. Except for ilm70 at room temperature, the samples
were paramagnetic and there was no contribution to the dif-
fraction patterns from magnetic scattering. An attempt to re-
fine simultaneously the crystal and magnetic structure of ilm70
at room temperature failed due to high correlation between the
magnetic and cation order parameters.

The results of the structure refinements are listed in Table 2
(selected inter- and intralayer cation-cation distances are listed in
Table 3).1 Because the neutron diffraction experiments were per-
formed without an internal calibration standard, the absolute
values of the cell parameters are subject to systematic error
due to the uncertainty of the sample position within the fur-
nace. For the purposes of comparing the cell parameters from
different samples, the neutron diffraction results are calibrated
relative to the known room temperature cell parameters ob-
tained with an internal standard (Table 1).

RESULTS

In-situ cation distributions as a function of T and x

In discussing the changes in cation distribution which oc-
cur as a function of temperature, T, and composition, x, we
define a long-range interlayer order parameter, Q, as follows:

Q
X X

X X
=

−( )
+( )

Ti
B

Ti
A

Ti
B

Ti
A

(1)

The order parameter is Q = 0 in the fully disordered state (with
Fe and Ti statistically distributed between the A- and B-layers)
whereas Q = 1 in the fully ordered state (with the A-layer fully
occupied by Fe and all available Ti on the B-layer).

The value of Q (Table 1, Fig. 2) at room temperature repre-
sents the degree of order quenched-in after synthesis. In ilm80,
ilm90, and ilm100 the quenched starting material is almost fully
ordered, with Q = 0.98 in all three cases. The ilm70 sample has
a higher degree of quenched-in disorder, with Q = 0.82 esti-
mated from quench-magnetization measurements and Q = 0.79
being measured directly using neutron diffraction at 200 °C.
On heating from room temperature to 400 °C, the degree of
order increases in all four samples, reaching a maximum value
of Q = 0.85 in ilm70 and Q = 0.99 in ilm80, ilm90 and ilm100.
This behavior is referred to as “order parameter relaxation”,
and is often observed in in-situ experiments on quenched start-
ing material (Harrison et al. 1998; Redfern et al. 1996 and 1999).
Relaxation occurs because the quenched-in degree of order is
lower than the equilibrium degree of order, hence there is a
driving force for ordering as the sample is heated. Ordering is
observed when the temperature is high enough to allow cation
exchange to occur on the timescale of the measurement. At
some temperature (400 °C in this case), the kinetic path inter-
sects the equilibrium path and the sample begins to disorder.
We conclude, therefore, that data points measured at 400 °C
and above represent equilibrium behavior. It is surprising to
observe that the equilibrium degree of order in ilm70 at this
temperature is significantly less than for the other three samples.
This low value of Q may be due to the presence of chemical
heterogeneities which develop on heating the sample below
the solvus. Evidence to support this suggestion will be described
in a later section.

Above 400 °C, the degree of order decreases smoothly in all
four samples, with transitions to the high-temperature R3

–
c phase

occurring at 1000, 1175, and 1325 °C in ilm70, ilm80, and ilm90,
respectively. A phase transition was not observed in ilm100 be-
cause the transition temperature was greater than the maximum
temperature reached (1325 °C in this case). However, a signifi-
cant amount of disorder is observed above 1100 °C, with a mini-
mum value of Q = 0.732 being reached at 1325 °C. The
observation that little disorder occurs below 1100 °C is consis-
tent with the in-situ single-crystal X-ray diffraction experiments
of Wechsler and Prewitt (1984), in which no disorder was ob-
served in a synthetic sample of FeTiO3 at 1050 °C.

The ordering behavior in ilm80, ilm90, and ilm100 appears
to be fully reversible, confirming that the samples remained
stoichiometric for the duration of the heating experiments and
that the high-temperature structures represent equilibrium.

1For a copy of Tables 2 and 3, document item AM-00-033, con-
tact the Business Office of the Mineralogical Society of America
(see inside front cover of recent issue) for price information.
Deposit items may also be available on the American Miner-
alogist web site (http://www.minsocam.org or current web ad-
dress).
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Cell parameters as a function of T and x

Significant changes in both a and c correlate with the phase
transition (Table 2, Fig. 3). Such changes are usually described
by the spontaneous strain tensor, eij , which relates the cell pa-
rameters of the low-symmetry phase to those of the hypotheti-
cal high-symmetry phase at the temperature of interest
(Carpenter et al. 1998). The diagonal components of eij  describe
extentions or contractions along the three crystallographic axes.
The off-diagonal components describe shear strains. In the case
of the R3

–
c to R3

–
 transition, where there is no change in crystal

system, the only non-zero components are e11 = e22 ≠ e33, where:

e
a a

a
e

c c

c11
0

0
33

0

0

=
−

=
−

 ;  (2)

In addition, a change in volume may also be associated with
the phase transition, described by the volume strain, ev, where:

e
V V

Vv =
− 0

0

(3)

The variables a0
, c0

, and V0 are the cell parameters and volumes of
the high-symmetry phase extrapolated from above Tc to the tem-
perature of interest. This extrapolation removes the effects of in-
trinsic thermal expansion (i.e., that which occurs at a constant
degree of long- and short-range order), so that eij  and ev refer to the
excess strains due exclusively to the phase transition.

Estimating a0, c0, and V0 is made difficult by two factors.
First, the temperature range over which data for the high-sym-
metry phase have been obtained is limited in ilm90, and non-
existent in ilm100. Second, the thermal expansion observed
above Tc in ilm70 and ilm80 is significantly non-linear. One
possible cause of this non-linearity is the temperature-depen-
dent short-range ordering of cations within the R3

–
c phase. For

these reasons, we chose to constrain the intrinsic thermal ex-
pansion in this system using the cell parameter data measured
below 600 °C, where only small changes in the degree of long-
range order are observed (Fig. 2) and the degree of short-range
order is expected to be small. The estimated variation in a0, c0,
and V0 as a function of temperature is shown by the dashed
lines in Figure 3. The slopes, da0/dT, dc0/dT, and dV0/dT, were
obtained by fitting straight lines to the cell parameter data be-
low 600 °C. The intercepts were then chosen so that a0, c0, and
V0 passed through the observed value at T = Tc. Because Tc was
never reached in ilm100, the values of a0, c0, and V0 for this
composition are not defined. The dashed lines in Figure 3 rep-
resent possible values based on the trends defined by the other
three samples.

In Figure 3a, e11 is negative and the magnitude of e11 in-
creases with increasing Ti-content. The changes in a occur
smoothly over a large temperature range and there is no sharp
change in trend at T = Tc in any of the samples. In Figure 3b, e33

is positive and the magnitude of e33 also increases with increas-
ing Ti-content. In ilm70, e33 is relatively small and c varies
smoothly through the transition. In ilm80 and ilm90, e33 is larger
and the decrease in c occurs abruptly at the phase transition. In
Figure 3c, a comparatively small volume strain is associated
with the transition, because the negative e11 strain is compen-
sated by the positive e33 strain (ev ≈ 2e11 + e33). In ilm70 essen-
tially no volume strain is associated with long-range ordering.

FIGURE 2. Cation order parameter, Q, as a function of temperature
(°C) for synthetic samples of (a) ilm70, (b) ilm80, (c) ilm90, and (d)
ilm100. Solid circles are values measured during heating of the
quenched starting material, open circles are values measured on
subsequent cooling. The open square in (a) is an estimate of the
quenched-in degree of order in the starting material using the quench-
magnetization technique. In all cases the estimated standard deviation
in Q is smaller than the size of the symbols.
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FIGURE 3. Variation in the cell parameters (a) a, (b) c, and (c) V as a function of temperature (°C) for ilm70 (circles), ilm80 (squares), ilm90
(triangles), and ilm100 (diamonds). Solid symbols are values measured during heating of the quenched starting material, open symbols are
values measured on subsequent cooling. Dashed lines are the estimated variation in a0, c0, and V0 as a function of temperature (i.e., the intrinsic
thermal expansion of the high symmetry phase). Where not shown, the error bars are approximately equal to the size of the symbols.

In ilm80, ilm90, and ilm100, ev is small and negative, with the
magnitude of ev increasing with increasing Ti-content.

The magnitude of all spontaneous strains associated with
ordering in these samples is relatively small. This is consistent
with the observations of Nord and Lawson (1989), who stud-
ied the twin-domain microstructure associated with the order-
disorder transition. The twin boundaries are not strongly aligned
and have wavy surfaces, as is expected if strain does not con-
trol their orientation. Furthermore, the small spontaneous strain
on ordering hints that the length scale of the ordering interac-
tions may not be long-range. Generally, systems that display
large strains on ordering tend to behave according to mean field
models, as the strain mediates long-range correlations, whereas
systems with weak strain interactions tend to show bigger de-
viations from mean-field behavior.

In ilm70 and ilm80 at T > Tc, a, c, and V vary non-linearly
with temperature and lie significantly above the intrinsic ther-
mal expansion baseline. This behavior may indicate the pres-
ence of a volume strain associated with short-range ordering in
the R3

–
c phase. The degree of short-range order is expected to

decrease smoothly at temperatures above Tc. In this case, the
sign of the volume strain would be negative, because V is ob-
served to increase as the degree of short-range order decreases.
An alternative explanation is that the intrinsic thermal expan-
sion has a significant positive curvature over the large tem-
perature range of the measurements. Although we cannot rule
this out, it will be argued later that the presence of a negative
volume strain due to short-range ordering provides an expla-
nation for the contrasting temperature-dependence of e11 and
e33 in ilm80 and ilm90.
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Cation-cation distances as a function of T and x

For certain bulk compositions and degrees of cation order
the ratio of Fe to Ti on the B-layer is such that the negative
scattering length of Ti just balances the positive scattering length
of Fe. In this case the total scattering length at the B-site is
zero and the coordinates of this site become poorly determined
in the structure refinement, resulting in cation-cation distances
which may be unphysical. Empirically we chose to ignore cat-
ion-cation distances when the magnitude of the B-site scatter-
ing length was less than 1 fm, because structures determined
with smaller scattering lengths did not correspond to the topol-
ogy of the ilmenite structure. This problem is most severe in
ilm80, because the magnitude of the B-site scattering length is
less than 1 fm over the temperature range 20 °C < T < 1100 °C
in this sample. In ilm90 the problem occurs over the tempera-
ture range 1150 °C < T < 1300 °C. In ilm70 and ilm100 the
magnitude of the scattering length is greater than 1 fm for all
temperatures studied. Only those distances calculated with B-
site scattering lengths greater than 1 fm are reported in Table 3.

In ilm70 at 200 °C, the A-B interlayer distance is greater
than the A-A intralayer distance and approximately equal to
the B-B intralayer distance (Fig. 4). On heating from 200 °C to

600 °C, the A-B and B-B distances increase at a rate which
appears to be much faster than the rate of thermal expansion in
ilm90 and ilm100 (Figs. 4a and 4c), whereas the A-A distance
increases at a rate similar to that observed in ilm80, ilm90, and
ilm100 (Fig. 4b). The A-B and B-B distances reach a maxi-
mum length at 600 °C and thereafter begin to decrease smoothly
with increasing temperature. A further change in trend occurs
at the transition temperature (Tc = 1000 °C), above which the
A-B and B-B distances increase with increasing temperature
once more. The transition is accompanied by a small but rapid
increase in the A-A distance.

In ilm90 the room-temperature A-B distance is smaller than
both the A-A and B-B intralayer distances (Fig. 4). This is also
observed in ilm100, and is consistent with the single-crystal X-
ray structure refinement of ilm100 by Wechsler and Prewitt
(1984). On heating, the A-B, A-A, and B-B distances increase
approximately linearly up to a temperature of around 1150 °C.
The A-A distance expands at a much greater rate above 1150 °C,
reaching a maximum value at the transition temperature (Tc =
1325 °C). The single data point measured above Tc has a signifi-
cantly lower value. The A-B and B-B distances measured at 1325
and 1350 °C are much larger than those measured below 1150 °C,

FIGURE 4. Variation in the nearest-neighbor cation-cation distances for (a) A-B interlayer pairs, (b) A-A intralayer pairs, and (c) B-B
intralayer pairs as a function of temperature (°C) for ilm70 (circles), ilm80 (squares), ilm90 (triangles), and ilm100 (diamonds). Solid symbols
are values measured during heating of the quenched starting material, open symbols are values measured on subsequent cooling. Dashed lines
show the position of Tc for the long-range R3

–
 to R3

–
c transition. See Figure 1c for definitions.
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implying a sharp increase in these distances is associated with
the transition (shown by the dotted lines in Figs. 4a and 4c). In
both cases the cation-cation distance measured at 1350 °C is
significantly lower than that measured at 1325 °C.

Comparing the available data for all four samples it appears
that ilm70 behaves unusually in three respects. First, the A-B
and B-B distances in the quenched starting material are much
higher than expected; second, the rapid increase in A-B and B-
B distances between 20 and 600 °C is not observed in the other
samples; and third, the trend of decreasing A-B and B-B dis-
tance with increasing temperature above 600 °C is not consis-
tent with the behavior observed in ilm90.

DISCUSSION

Tc as a function of x

The variation in Tc as a function of x is shown in Figure 5
within the context of the phase diagram calculated by Burton
(1985) using the cluster variation method (CVM) (Kikuchi
1951). Good agreement between the transition temperatures in
this study and those calculated using CVM is observed. Our
value of Tc = 1000 °C in ilm70 is in reasonable agreement with
the value of 1010 °C reported by Ishikawa (1958) for a sample
with x = 0.675 and the value of 1000 °C < Tc < 1050 °C re-
ported by Nord and Lawson (1989) for a sample with x = 0.7.
The value of Tc = 1150 °C reported by Ishikawa (1958) for a
sample with x = 0.74 appears to lie significantly above the trend
defined by this study, however. This difference is due to Tc be-
ing determined from in-situ measurements in this study whereas
Ishikawa (1958) determined Tc from quenched samples.

Burton (1985) calculated a value of Tc = 1400 °C in ilm100,
which places the transition temperature just above the melting
point (1367 °C; Fig. 5). We find a value of Q = 0.732 in ilm100
at 1325 °C (Fig. 2d). In ilm90 the order parameter was observed
to drop from Q = 0.731 to Q = 0 over a temperature range of 100
°C (Fig. 2c). Given this, and the observation that the transition
becomes steeper with increasing Ti-content (see Fig. 6), the ob-
served ordering behavior in ilm100 is entirely consistent with
the transition temperature being close to 1400 °C.

Thermodynamic character of the phase transition

The thermodynamic character of the transition can be as-
sessed more clearly by plotting Q as a function of T/Tc (Fig. 6).
A value of Tc = 1400 °C was assumed for ilm100, in accord
with the arguments above. With the exception of ilm70 at low
temperature, all four samples show ordering behavior which
lies well above the Bragg-Williams approximation (Fig. 6). In
this model the enthalpy of the transition is calculated assuming
nearest-neighbor interactions and the entropy of the transition
is taken to be the ideal configurational point entropy. This dis-
crepancy reflects the failure of the Bragg-Williams model to
account for correlations between neighboring sites (short-range
order). Such correlations are accounted for in Ising models,
and the observed behavior in this system is typical of that pre-
dicted by two- and three-dimensional Ising models (Ross 1991).

The cluster variation method offers an approximate solu-
tion to the Ising model in three-dimensions by reducing the
lattice to a small set of basic clusters of cation sites which fit
together to generate the whole structure. The free energy of the

FIGURE 5. Phase relations in the ilmenite-hematite solid solution.
Solid lines are the calculated phase boundaries (after Burton 1985).
The dashed lines show the possible position of the liquidus and solidus.
Solid circles show the transition temperatures of ilm70, ilm80, and
ilm90 measured in this study. Open circles are transition temperatures
determined by Ishikawa (1958), corrected for errors in composition
by Nord and Lawson (1989).

system is formulated in terms of the energy and probability of
each cluster configuration and minimized with respect to the
long- and short-range order parameters, which describe corre-
lations in cation occupancy throughout the structure. The larger
the size of the basic cluster chosen, the closer the model is to
the exact solution for the three-dimensional Ising model. Bur-
ton (1984, 1985) proposed a model for the ilmenite-hematite
solid solution based on the single-prism approximation of the
cluster variation method. This model took into account near-
est-neighbor interactions between the layers (A-B interactions)
and within the layers (A-A and B-B interactions). To repro-
duce the general topology of the phase diagram with only two
interactions, it was necessary to assume that A-B interactions
were negative (i.e., Fe-Ti bonds between the layers are favor-
able) and A-A and B-B interactions were positive (i.e., Fe-Ti
bonds within the layers are not favorable). There is excellent
qualitative agreement between the CVM calculation and the
observed ordering behavior (Fig. 6). Our own preliminary cal-
culations using both CVM and Monte Carlo methods to model
the thermodynamics of the order-disorder process show that
better agreement can be achieved by including next-nearest-
neighbor interactions.



HARRISON ET AL.: PHASE TRANSITION IN ILMENITE-HEMATITE202

FIGURE 6. Cation order parameter, Q, as a function of reduced
temperature, T/Tc. Solid symbols show the results of this study for
ilm70 (circles), ilm80 (squares), ilm90 (triangles), and ilm100
(diamonds). Open diamonds show the calculated behavior of ilm100
using CVM (after Burton 1984). The dashed line is the predicted
behavior according to the Bragg-Williams model.

The shape of the Q-T curves is a function of the bulk compo-
sition, with the transition becoming sharper with increasing Ti-
content (Fig. 6). This may indicate a gradual change in transition
character from second- to first-order with increasing Ti-content.
Any closer investigation of this phenomenon at this stage is dif-
ficult due to the low temperature resolution of the data.

Behavior of ilm70 at low temperatures

The degree of order in ilm70 at temperatures below 600 °C
is much lower than expected. Ilm80, ilm90, and ilm100 be-
come fully ordered at T/Tc ≈ 0.45. Given that Tc = 1000 °C in
ilm70, one would expect full cation order to be achieved at
temperatures below 450 °C in this sample. Instead, a value of
Q ≈ 0.85 is observed. Order parameter relaxation occurs below
400 °C in all four samples and therefore cation distributions
measured above 400 °C correspond to equilibrium states. For
this reason, it is unlikely that the low degree of order in ilm70
is a kinetic effect caused by failure of the sample to reach equi-
librium. It must, therefore, be accounted for in terms of the
equilibrium behavior of the sample.

The calculated phase diagram (Fig. 5) illustrates the expected
equilibrium behavior of ilm70 at low temperatures. According
to Burton (1985), the top of the solvus occurs at a temperature
close to 600 °C at this bulk composition. The thermodynamic
models of Ghiorso (1990, 1997) predict a similar result. Hence,
the ilm70 starting material will experience a driving force for
phase separation on quenching below 600 °C. At temperatures
between 600 °C and the top of the spinode, phase separation
can only proceed via nucleation and growth. This process is

associated with a nucleation energy barrier and is unlikely to
occur on the timescale of the quench. Ghiorso (1997) places the
spinode at a temperature of approximately 475 °C for a bulk
composition of ilm70. Below this temperature phase separation
can occur by a continuous mechanism of compositional cluster-
ing, without the need to nucleate a second phase. Because there
is no nucleation energy barrier to overcome, phase separation
will occur if the kinetic closure temperature for Fe-Ti exchange
is less than 475 °C. The closure temperature is defined as the
temperature at which the equilibrium degree of cation order cor-
responds to the quenched-in degree of order, and gives an upper
estimate of the temperature at which Fe-Ti exchange ceases dur-
ing cooling. From Figure 2 and Table 2 we estimate closure tem-
peratures of 850, 600, and 450 °C in ilm100, ilm90, and ilm80,
respectively. Given the trend of decreasing closure temperature
with decreasing Ti-content, we conclude that the closure tem-
perature in ilm70 is less than or equal to 450 °C and that some
degree of phase separation will have occurred when the starting
material was cooled below 475 °C.

The extent of phase separation is expected to be relatively
small on quenching, because the temperature interval between
the spinode and the kinetic closure temperature is probably quite
limited. Exsolution may continue, however, as soon as the sample
is heated in the neutron experiments. This means that the data
points measured between 200 and 600 °C may be affected by
exsolution, whereas those measured above 600 °C (i.e., above
the solvus) represent equilibrium behavior in the homogeneous
material. This accounts for the change in trend of the A-B and B-
B cation-cation distances at 600 °C in Figure 4. It also accounts
for the low values of Q observed below 600 °C, as we now show.

One possible model for the Fe and Ti distribution in an
exsolved sample of ilm70 is shown in Figure 7. In Figure 7a
the sample is homogeneous and fully ordered, with the A-lay-
ers occupied by Fe and the B-layers occupied by 0.3 Fe and 0.7
Ti. Figure 7b illustrates the equilibrium state of this material
just above the eutectic temperature (525 °C), where the sample
consists of an intergrowth of two phases with approximate com-
positions ilm25 and ilm90 (Fig. 5). The ilm90 phase is fully
ordered (R3

–
), with the A-layer occupied by Fe and the B-layer

occupied by 0.1 Fe and 0.9 Ti. The ilm25 phase is disordered
(R3

–
c), with both the A- and B-layers occupied by 0.875 Fe and

0.125 Ti. From mass balance, the ilm90 and ilm25 components
constitute 69 and 31% of the sample, respectively. Therefore
the average values of XA

Ti and XB
Ti are 0.03875 and 0.65975,

which yields an apparent order parameter of Q = 0.835 (Eq. 1).
This compares with the value of Q = 0.85 measured in ilm70 at
500 °C (Fig. 2a, Table 2).

The suggestion that some degree of phase separation oc-
curred in ilm70 on quenching is further supported by the low
saturation magnetization observed in this sample (Harrison and
Dewhurst, in preparation). The hysteresis loop of the quenched
ilm70 starting material was determined at a temperature of 3 K
and in a maximum field of 11 T using a vibrating sample mag-
netometer. A saturation magnetization of Ms = 2.29 µB was de-
termined by extrapolating the magnetization curves to infinite
field. Assuming that Fe3+ is equally distributed over the A- and
B-sites (Brown et al. 1993), the theoretical saturation magneti-
zation of fully ordered ilm70 is 2.8 µB. The magnetization of
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an exsolved sample would be lower than this because the dis-
ordered component of the intergrowth is antiferromagnetic (i.e.,
has no net magnetic moment). For example, the model pre-
sented in Figure 7b has a theoretical magnetization of 2.49 µB.

Transition-induced domain boundaries might also play a role
in the low-temperature behavior of ilm70. Nord and Lawson
(1989) demonstrated that ilm70 quenched from 1300 °C con-
tains twin domains with a diameter of approximately 700 Å.
Adjacent domains are in antiphase with respect to their Fe and
Ti occupancies, so that Q varies from negative to positive across
a domain boundary. The domain boundaries are disordered and
are thought to be enriched in Fe relative to the domains (Nord
and Lawson 1989 and 1992). Such boundaries might therefore
act as nuclei for the disordered Fe-rich phase on cooling below
the solvus. In this case, exsolution could proceed immediately
below 600 °C in ilm70 by growth of the domain boundaries,
hence increasing the temperature interval over which exsolution
is kinetically feasible and enhancing the degree of chemical
heterogeneity. The volume fraction of domain boundary in
ilm80 quenched from 1300 °C is much lower than in ilm70,
and no domain boundaries are observed in ilm90 and ilm100
quenched from this temperature (Nord and Lawson 1989). This,
together with the spinode lying below the closure temperature
at these compositions, explains why no exsolution was observed
in the other three samples.

Effect of short-range order on structural behavior

Short-range order describes nearest-neighbor correlations
between cation site occupancies, i.e., how the occupancy of
one site is influenced by the occupancy of its neighboring sites.
For example, the probability of finding a Ti-Ti pair across the
nearest-neighbor A-B join can be written:

P X XTi Ti
A B

Ti
A

Ti
B −

− = −( )1 σ (4)

where σ is the short-range order parameter (Vinograd et al.
1997). When σ = 0 (no short-range order) PTi Ti

A B
−
−  is equal to the

product of the point probabilities of finding Ti on the A- and
B-sites. The point probabilities are a simple function of the
bulk composition and the degree of long-range order (Eq. 1).
When σ = 1 (full short-range order) the probability of finding
Ti on A next to Ti on B is zero. Similar definitions describe
avoidance of Fe-Ti intralayer cation pairs.

Short-range order becomes important at temperatures close-
to and above Tc, where Fe and Ti mix on both the A- and B-
layers. In addition, one expects that short-range ordering above
Tc will be more important at compositions close to ilm100, where
the Fe:Ti ratio approaches 1:1. Long and short-range parameters
in Figure 8 were calculated as a function of temperature assum-
ing Ising-like behavior and an Fe:Ti ratio of 1:1. The rapid in-
crease in the degree of short-range order at temperatures

FIGURE 7. Model of the cation distribution in (a) homogeneous ordered ilm70 and (b) heterogeneous ilm70 consisting of a mixture of
ordered ilm90 and disordered ilm25. Shaded boxes represent the relative proportions of Fe (gray) and Ti (white) on the A and B layers.
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approaching Tc correlates with the rapid decrease in long-range
order. Above Tc, σ decreases slowly, driven by the increase in
configurational entropy at higher temperatures.

Earlier we concluded that the spontaneous strain for long-
range ordering was approximately a pure shear (with e11

and e33 having opposite sign and ev ≈ 0) and the spontaneous
strain for short-range ordering was a volume strain (with e11

and e33 having the same sign and ev ≠ 0). For the a cell param-
eter, the strains due to decreasing Q and increasing σ compen-
sate for each other as the transition temperature is approached.
This leads to a rather smooth variation in a as function of
T, with no sharp change in a at T = Tc (Fig. 8b). For the c cell
parameter, the two strain components reinforce each other,
leading to a large and abrupt change in c at T = Tc (Fig. 3).
According to the arguments above, one expects this effect to
be more obvious for bulk compositions close to ilm100, as seen
in Figure 3.

Similar arguments explain the temperature-dependence of
the cation-cation distances (Fig. 4). The phase transition in
ilm90 is accompanied by a large and rapid increase in both the
A-B and B-B distances (Figs. 4a and 4c). These changes corre-
spond to an increase in the degree of distortion of the puckered
hexagonal rings which form the (001) B-cation layer (Fig. 1).
In comparison, the increase in A-A distance occurs smoothly
(Fig. 4b). The two factors which determine the degree of dis-
tortion of the (001) cation layers are the total concentration of
Ti in the layer (which is a function of Q) and the degree of
short-range order within the layer (which is a function of σ). A
high concentration of Ti in the layer correlates with a low de-
gree of distortion, which accounts for the small A-B and B-B
distances in ordered ilm90. A high degree of intralayer short-
range order correlates with a high degree of distortion, account-

ing for the large A-B and B-B distances in disordered ilm90.
As the sample disorders, the concentration of Ti on the B-layer
decreases and therefore the degree of distortion increases. Si-
multaneously the degree of short-range order within the B-lay-
ers increases, further enhancing the distortion. These two effects
reinforce each other, leading to a large and rapid change in A-
B and B-B distances at the transition temperature. The oppo-
site is true for the A-layer, where the effect of increasing the
A-layer Ti concentration on disordering is counteracted by the
effect of increasing the degree of short-range order.

The cation-cation distances in ilm70 appear to be different
to those in ilm90. The behavior below 600 °C is strongly influ-
enced by the effects of exsolution. However, the trend of de-
creasing A-B and B-B distances between 600 and 1000 °C must
be explained in terms of homogeneous material, because these
temperatures lie above the solvus. From the arguments pre-
sented above, one concludes that the unusually large A-B and
B-B distances observed in ilm70 at 600 °C are caused by a
significant distortion of the hexagonal rings in the B-layer. This
distortion has two origins. First, the Ti concentration in the B-
layer is relatively low (around 64%, compared with 89% for
ilm90 at 600 °C). Second, short-range chemical heterogene-
ities are likely to be present at temperatures just above the
solvus, which may result in local strains and a further distor-
tion of the B-layer. The trend of decreasing A-B and B-B dis-
tances with increasing temperature could then be explained if
the effect of decreasing the concentration of Ti on the B-layer
on disordering is outweighed by the effect of homogenizing
the sample at temperatures far above the solvus. Although such
an explanation is consistent with the observed structural
changes, it remains speculative in the absence of more direct
information about the short-range structure in this material.

FIGURE 8. (a) Schematic variation in long-range order parameter, Q, and short-range order parameter, σ, as a function of temperature. (b)
Effect of competing long- and short-range order on the lattice parameters a and c as a function of temperature. Thin solid lines show the effect
of long-range ordering only, dashed lines show the effect of short-range ordering. The thick solid lines show the sum of long-range and short-
range effects.
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