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Abstract Magnetic and cation ordering in the ilmenite—
hematite solid solution (FeTiO;—Fe,03) has been stud-
ied using in-situ high-temperature time-of-flight neutron
powder diffraction. Synthetic samples containing 60 and
65% FeTiO; (1lm60 and ilm65, respectively) were heated
under vacuum up to 1000 °C and their magnetic struc-
ture, crystal structure and cation distribution were de-
termined via Rietveld refinement. The quenched starting
materials display diffuse superlattice reflections, indica-
tive of short-range cation order. The short-range or-
dered structure is interpreted with the aid of statistical
simulations to be a fine-scale alternation of ordered and
antiordered ilmenite-like twin domains, separated by
hematite-like twin-domain boundaries (TDBs). Peak
width analysis demonstrates that the twin domains have
a pronounced shape anisotropy, with average lengths of
20 = 1 and 60 + 2 A along the c-axis, and 100 + 9
and 100 = 4 A along [011]* in ilm60 and ilm65,
respectively. Long-range order increases initially by a
process of domain coarsening as the quenched samples
are heated below the cation order-disorder temperature,
Toq. The degree of order then decreases as they are
heated through the transition. This leads to a kinetic
relaxation behaviour, in which the observed rate of
ordering is determined by the balance between the rate
of coarsening and the rate of disordering within the
domains. A phenomenological kinetic model is devel-
oped, which provides an excellent description of the
observed behaviour in both samples. Once long-range
order has been established, the equilibrium degree of
order as a function of temperature is well described by a
modified Bragg-Williams model, yielding values of
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Toq =830 £ 20 °C and 911 £ 20 °C for ilm60 and
ilm65, respectively. Analysis of the magnetic scattering
and spontaneous strain demonstrates that short-range
magnetic order remains at temperatures well above the
bulk Curie temperatures (7, = 178 °C and 143 °C in
ilm60 and ilm65, respectively). This indicates significant
magnetic heterogeneity in the samples, which may be
related to the presence of a high density of Fe-enriched
TDBs in the quenched material.

Introduction

Members of the ilmenite-hematite solid solution com-
monly occur as accessory minerals in igneous and
metamorphic rocks, and are significant bearers of nat-
ural remanent magnetization. Their thermodynamic and
magnetic properties are influenced by three processes
(Fig. 1): (1) cation ordering in ilmenite-rich composi-
tions; (2) exsolution in intermediate compositions; and
(3) magnetic ordering across the entire solid solution.
The cation ordering phase transition occurs at a critical
temperature, 7,4, and is caused by partitioning of Fe
and Ti onto alternating (001) octahedral layers (Harri-
son et al. 2000a). The loss of symmetry on cooling
through T,q leads to the formation of fine-scale twin
domains separated by meandering twin-domain bound-
aries (TDBs). The TDBs are thought to be responsible
for the unusual magnetic properties observed in inter-
mediate compositions, such as the tendency to acquire
self-reversed thermoremanent magnetization (Nord and
Lawson 1989, 1992; Hoffman 1992).

There is compelling evidence to support a correlation
between self-reversal and the presence of TDBs (Harri-
son 2000). However, some aspects of the self-reversal
mechanism remain the subject of debate. A fundamental
requirement of the model is that the TDBs are Fe-en-
riched and therefore capable of acquiring a remanent
magnetization at higher temperatures than the domains
themselves. This Fe-enrichment hypothesis has yet to be
confirmed by direct chemical analysis, and the width and
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Fig. 1 Summary of phase relations in the ilmenite-hematite solid
solution: R3¢ cation disordered; R3 cation ordered; P paramagnetic;
CAF canted antiferromagnetic; FM ferrimagnetic; AF antiferromag-
netic; SP superparamagnetic; SG spin glass. Closed circles are Toq for
the R3¢ to R3 phase transition (Harrison et al. 2000a; this study).
Closed diamonds show T, for stoichiometric ilm35, ilm60, ilm65 and
ilm70. End-member 7.’s and SP, SG and AF fields from Ishikawa
et al. (1985). Miscibility gap determined by Ghiorso (1997). Boundary
between CAF and FM depends on thermal history (represented by
broad shaded region). Other lines are guides to the eye

degree of enrichment of the TDBs is unknown. Investi-
gation of Fe-enrichment using conventional magnetic
measurements is difficult since the TDBs are antiferro-
magnetic with a weak parasitic moment and their signal
is swamped by that of the ferrimagnetic domains. In-
vestigation using neutron diffraction is potentially more
useful because magnetic scattering is proportional to the
sublattice magnetization rather than the net magnetiza-
tion, so the signal from antiferromagnetic and ferri-
magnetic regions is similar. Below 7,4, TDBs are a
metastable feature of the structure and disappear over
time due to twin-domain coarsening. Although the rate
of coarsening in the late stages of ordering is known
(Nord and Lawson 1989), the rate of formation and
coarsening of twin domains during rapid cooling is less
well characterised. This is an important factor in as-
sessing the role of TDBs in the acquisition of self-
reversed thermoremanent magnetization in rapidly
cooled andesitic pumices (Uyeda 1958).

To address some of these issues we have performed
an in-situ neutron diffraction study of cation ordering in
ilm60 and ilm65. In contrast to more ilmenite-rich
samples, which acquire a high degree of long-range
cation order on quenching from above 7,4, quenched
intermediate samples are expected to have only
short-range cation order and a correspondingly high

density of TDBs. The temperature dependence of the
sublattice magnetization is determined from the intensity
of magnetic reflections. The time-temperature evolution
of the twin domains is followed via the width and inte-
grated intensity of cation ordering superlattice reflec-
tions, while the average structure is determined via
Rietveld refinement. We begin by describing the exper-
imental results and provide a qualitative interpretation
of the observations. Then we use a combination of
thermodynamic and kinetic models to provide a quan-
titative description of the observed behaviour. Finally,
we discuss the possible implications of the results to self-
reversal in natural material.

Crystal and magnetic structure

Hematite has the corundum structure with space group
R3c. The oxygens form a distorted hexagonal close-
packed arrangement and the Fe® " cations occupy two
thirds of the octahedral sites, forming symmetrically
equivalent layers parallel to (001) (Fig. 2a). Ilmenite
adopts a related structure with space group R3, with
Fe?" and Ti cations partitioned onto alternating A and
B layers (Fig. 2b). The solid solution is formed via the
coupled substitution 2Fe*” = Fe?™ + Ti**. Above
Toq, cations are randomly distributed and the structure
has symmetry R3c. Below T4, Fe** and Ti partition
onto the A and B layers, reducing the symmetry to R3
and leading to the formation of twin domains (Nord and
Lawson 1989). Adjacent domains are related to each
other by 180° rotation about the a-axis and have an
antiphase relationship with respect to their Fe-Ti dis-
tribution (i.e. an Fe-rich layer becomes a Ti-rich layer on
crossing the TDB and vice versa).

Hematite has a canted antiferromagnetic structure.
The antiparallel magnetic sublattices coincide with the A
and B cation layers (Fig. 2a). The sublattice spins lie
within the basal plane but are rotated by a small angle
about [001], producing a weak parasitic magnetic
moment (Dzyaloshinsky 1958). The disordered solid
solution has the same antiferromagnetic structure as
hematite, since Fe is equally distributed over the (001)
layers and the A and B sublattice magnetizations are
equal. The ordered solid solution is ferrimagnetic, since
there are unequal amounts of Fe on the A and B
sublattices. Ferrimagnetic ordering is disrupted by a spin
glass transition at low temperatures in ilmenite-rich
compositions (Ishikawa et al. 1985). Ilmenite itself has
an antiferromagnetic structure with spins parallel to
[001] (Fig. 2b).

Experimental procedures

Sample synthesis

The samples were synthesised from the oxides Fe,O3; and TiO,
under controlled oxygen fugacity. A series of preliminary experi-
ments were performed to determine the oxygen fugacity required to
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Fig. 2a, b Crystal and magnetic
structure of a hematite (Fe,O3)
and b ilmenite (FeTiO3)

Y < T p X

Net parasitic
magnetization
within the (001) plane

> 1
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{a) Hematite (Fe,0,) (b) llmenite (FeTi0,)

produce stoichiometric material, according to the method of Har-
rison et al. (2000a). The main synthesis experiments were per-
formed by annealing several pressed pellets of the stoichiometric
oxide mix for 24 h under the conditions given in Table 1. After
quenching into water, a small amount from each pellet was ground
with Si and examined using XRD over the range 22° < 20 < 89°.
The peak positions were determined by peak fitting and then cor-
rected 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 syn-
thetic samples and the calibration given by Brown et al. (1993).
After XRD analysis, the samples were reground under acetone,
pressed into pellets and annealed for a further 24 h 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.

The magnetic properties of the starting materials were deter-
mined from the temperature dependence of magnetic susceptibility,
according to the method of Harrison and Putnis (1999). The ilm60
sample was antiferromagnetic with Curie temperature 7, = 178 °C,
while the ilm65 sample was weakly ferrimagnetic with 7, = 143 °C.

Neutron diffraction procedures
The neutron powder diffraction data were collected using the

ROTAX time-of-flight diffractometer at the ISIS spallation neu-

Table 1 Synthesis conditions for ilmenite-hematite starting mate-
rial

Composition Temperature Volume ratio foo®
() 0 (CO,/CO)

0.6 1300 0.993 -54
0.65 1300 0.992 =55

#Oxygen fugacity determined from tabulated values in Deines et al.
(1974)

tron source (Rutherford Appleton Laboratory, UK). Diffracted
intensity was measured using two fixed-angle banks of detectors
located at scattering angles of 30 and 90° 26. Samples were loaded
into standard vanadium cans and placed into a vanadium-element
resistance furnace. The furnace was evacuated to a pressure of
4% 107> mbar to prevent both the heating elements and the
sample from oxidising during the experiment. No evidence of
either oxidation or reduction of the sample was detected.
Temperature was controlled and monitored using two type-K
thermocouples placed approximately 2 cm above and below the
sample pellet stack. The sample was left to thermally equilibrate
for 5 min at each temperature. Neutron data were then acquired
over a period of 1-2 h.

Structure refinements were performed only on data collected at
temperatures of 200 °C and above to avoid any contribution from
magnetic scattering. The crystal structures were refined assuming
stoichiometric total site occupancies using the GSAS Rietveld
refinement software (Larson and Von Dreele 1994). The background
was modelled using a sixth-order Chebyshev polynomial. The crys-
tallographic variables were the unit-cell parameters (a and c), the
z-coordinates of the two cation sites (z4 and zg), the x-, y- and
z-coordinates of the oxygen atom (x,, y, and z,), the A-site Ti
occupancy (X4)), and the isotropic cation and oxygen displacement
parameters (U, and U,). Peak-shape parameters and a correction
parameter for the wavelength-specific absorption of neutrons by the
sample were also refined. The experimental details of the structure
refinements are shown in Table 2 and the results are listed in Table 3.

It was not possible to refine the crystal and magnetic structures
simultaneously below 200 °C due to the superposition of nuclear
and magnetic superlattice peaks with very different widths. There-
fore only the cell parameters were determined at these temperatures.

Results
Magnetic ordering

Neutron diffraction patterns for all temperatures and
compositions studied are shown in Fig. 3. The
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Table 2 Experimental and refinement details

Instrumental
Diffractometer

Moderator

Incident flight path
Scattered flight path

Total flight path

Data range

Time window

Instrumental resolution dd/d
Detectors:

Refinement
Space group

V4
Unit-cell refinement
Observations
Refined parameters
Structural
Profile
Background

Cell
Constraints
Strict (site = 1)
Strict (equal Uiso)
Thermal parameters

ROTAX (neutron time-of-flight
powder diffractometer)

95 K methane

14-16 m (variable)

0.5-1.6 m (variable)

14.5-17.6 m

04-52 A

1-20 ms

3.5x 1077

2 linear position sensitive 6-Li
glass scintilators

R3 (below T,q) and R3c
(above Toq)

Whole pattern
3306

8

6

6 Chebychev polynomials of the
first kind

2

TiA = FeA = TiB = FeB
TiA + FeA, TiB + FeB
All atoms isotropic

Agreement factors See Table 3

measurements start at room temperature with the sam-
ple as quenched from 1300 °C. The (112) reflection with
d=3.7A is a fundamental reflection of the crystal
structure. The (011) and (003) reflections with d = 4.2 A
and d = 4.6 A are superlattice reflections, which appear
only as a consequence of ordering. Both magnetic and
nuclear scattering contribute to the superlattice intensity
below 200 °C. The magnetic component is removed by
heating to above the Curie temperature, 7., whereas the
nuclear component is expected to remain constant over
this temperature range. This allows the two components
to be easily separated.

The_diffraction patterns have been fitted between
d =3 A and d = 10 A with five Gaussian peaks: one to
describe the (112) fundamental reflection, two to describe
the nuclear component of the superlattice reflections, and
two to describe the magnetic component. The two nuclear
peaks were determined first by fitting to the diffraction
patterns collected at 200 °C. The height and width of
these peaks were then held constant in the fits below
200 °C. The intensity of the magnetic peaks is propor-
tional to (M + M 5)%, where M, and My are the mag-
netizations of the A and B sublattices (Shirane et al. 1959,
1962). The square root of the integrated magnetic inten-
sity shows unusual behaviour in both samples (Fig. 4).
Instead of decreasing smoothly to zero as T is
approached, the curves show an inflection point close to
the expected 7. (178 and 143 °C for ilm60 and ilm65,
respectively) and significant scattering intensity up to
200 °C (where it is constrained to be zero by the fitting
procedure). Evidence that magnetic scattering intensity

remains at temperatures greater than 200 °C will be pre-
sented in the following sections. These observations in-
dicate significant magnetic heterogeneity in the samples.

Cation ordering

Diffuse superlattice peaks due to cation ordering are
observed above 200 °C (Fig. 3). The degree of cation
order is described by the order parameter, Q, defined as:

(X7, — X7)
Q: (XB +)(A) ) (l)

Ti T AT
where X/ is the occupancy of i-type cations on j-type
layers. The order parameter takes a value of Q = 0 in the
fully disordered state and Q = +1 in the fully ordered
state. Positive and negative values of Q correspond to
the degenerate ordered and antiordered states (i.e. the
two alternative twin domains). Variations in Q
throughout the crystal can be described in terms of
Fourier components (Marais and Salje 1991):

o(r) =) Oxe*r, (2)
k

where r is distance and k is a wave vector. The intensity
of a superlattice reflection at a given point in k-space is
given by the Fourier transformation:

1K) / (0()O(r)) explik - (x — ¥)ldrdr’ o (OF)

(3)
The degree of long-range order is given by the k=0

component, whereas the degree of short-range order is
given by the integrated intensity:

o /I(k)dk

k>0

(4)

In other words, the width of a superlattice reflection
gives a measure of the wavelength with which the order
parameter fluctuates from positive to negative (i.e. the
size of the twin domains), while the integrated intensity
gives a measure of the amplitude of the fluctuations (i.e.
the degree of order within the domains).

Large changes in the width and intensity of the su-
perlattice reflections occur as the samples are heated and
cooled through T4 (Fig. 3). These changes were quan-
tified by fitting the diffraction patterns between d = 3 A
and d =10 A with three Gaussian peaks and a cubic
polynomial background. The fit was performed over a
wide range of d-spacings so that the diffuse peaks and
the background could be easily separated. The temper-
ature dependence of the peak widths (FWHM) is shown
in Fig. 5. The dashed line shows the width of the (112)
fundamental reflection, which gives an indication of the
intrinsic broadening due to instrumental effects, crys-
tallite size and strain. The broadening of the superlattice
reflections is an order of magnitude greater, and is
directly related to fluctuations in Q (Eq. 3). The main
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Table 3 (Continued)

U,(x100)

U(x100)

Xo

ZB

c (A) XAi Za

a(A)

T (°C)

2.37(5)
2.42(5)
2.47(5)
2.45(6)
2.28(5)
2.18(5)
1.81(4)

2.50(6)
2.55(6)
2.60(6)
2.61(6)
2.42(6)
2.19(5)
1.71(4)

0.2486(3)

0.25
0.25
0.25

0.0101(7)

0
0
0

0.3113(4)
0.3062(2)
0.3060(2)
0.3058(2)
0.3109(4)
0.3118(3)
0.3129(3)

0.14060(70)
0.14284(8)
0.14285(8)
0.14274(8)
0.14120(70)
0.13993(60)
0.13785(62)

0.35550(40)
0.35716(8)
0.35715(8)
0.35726(8)
0.35590(50)
0.35591(19)
0.35552(12)

0.283(12)

0.233(4)
0.325(0)
0.325(0)
0.325(0)
0.229(4)
0.108(2)
0.041(1)

14.0301(5)
14.0327(5)
14.0372(5)
14.0457(5)
14.0317(5)
14.0236(4)
14.0019(4)

5.13122(9)
5.13336(9)
5.13530(9)
5.13927(9)
5.13220(9)
5.12512(8)
5.11249(8)

893
918
945
994
893
793

0
0
0

0.2485(3)
0.2474(2)
0.2469(1)

0.0098(7)
0.0112(4)
0.0134(3)

0.295(12)
0.668(6)
0.874(3)

592

(b) ilm65
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Fig. 3a, b Neutron diffraction profiles of the (112) fundamental
reflection_(d = 3.7 A) and the (011) and (003) superlattice reflections
(d=4.2 A and d = 4.6 A, respectively), as a function of temperature
for a ilm60 and b ilm65

source of fluctuations is the twin domains which form on
quenching through T,4. If we picture the short-range
ordered structure as a simple alternation of ordered and
antiordered domains, the domain size can be estimated
using the Scherrer formula (Delhez et al. 1995):

d2
D)y = #ﬁk! ; (5)

where (D), is the average linear dimension of the
domains measured parallel to the reciprocal lattice vec-
tor [hkl)*, dy; is the d-spacing of the Akl reflection, and
Iy 1s the FWHM. The factor 1.06 relates the FWHM
of a Gaussian peak to its integral width (i.e. the width of
a rectangle having the same height and area as the peak).
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An approximate correction for instrumental broadening
can be made by subtracting the width of the funda-
mental reflection (Delhez et al. 1995):

F l—‘il’cl l—‘%12 . (6)

corrected —
Domains in the quenched starting material are extremely
small and show a pronounced anisotropy. Equation (5)
yields (D)jgy =20+ 1 A and (D Yory = 100£9 A for
ilm60. Corresponding values of 60 = 2 A and
100 = 4 A are obtained for ilm65. Above 400 °C the
peak widths decrease rapidly due to domain coarsening.
The peak widths continue to decrease until a tempera-
ture approximately 100 °C below T,q, at which point
they are close to the intrinsic resolution and Eq. (5)
yields (D)oos) = (D) o1y = 400-500 A.  Between

Temperature (°C)

(Toq — 100) and T,q4 the peak widths remain constant or
increase (e.g. Fig. 5¢). This is most likely due to the
development of order parameter fluctuations within
individual domains as the critical temperature is
approached.

On cooling, the superlattice reflections reappear with
widths close to the instrumental resolution (open circles
in Fig. 5). Significant broadening is observed close to
T,q due to the presence of critical fluctuations, but these
are suppressed at temperatures below T,q. We find
(D)oo = 311 + 6 A and D)ony =373 £ 9 A for

ilm60 at 200 °C. Corresponding values of 403 + 6 A
and 458 + 5 A are obtained for ilm65 at 600 °C. The
large domain size is attributed to the fact that both
samples were annealed at temperatures below T,q for
several hours on cooling.
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The temperature dependence of the integrated su-
perlattice intensity is shown in Fig. 6. The superlattice
intensities have been normalised relative to the intensity
of the (112) fundamental reflection, to account for
the effect of increased thermal vibration at high
temperatures. In all cases, the intensity observed at
200 °C in the quenched starting material is greater than
that displayed at 300 °C. This is most likely explained
by the presence of diffuse magnetic intensity contrib-
uting to the measurement at 200 °C, which is removed
on heating to 300 °C. The dashed lines show the vari-
ation in intensity predicted by the relationship 7 ng,
where Q. is the equilibrium degree of order for a given
temperature (see next section). Ideally, the presence of
twin domains has no effect on the integrated intensity

of the superlattice reflections, and all data points
should lie close to the dashed line. Departures from
this classical behaviour occur at low temperatures due
to a combination of kinetic and short-range ordering
effects. All reflections follow the predicted behaviour
closely at high temperatures (and on cooling) once the
domains have coarsened and long-range order is
established.

Equilibrium cation distribution

The long-range order parameter, Q, has been calculated
from Eq. (1) using values of X/ extracted from the
Rietveld refinements (Table 2; Fig. 7). The peak widths
were assumed to vary smoothly as a function of

Fig. 6a—d Integrated intensity 3.0 T T I I 3.0 I I I I
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Fig. 7a, b Long-range order 1.0
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parameter, Q, as a function of
temperature for a ilm60 and

b ilm65. Solid lines are a least-
squares fit to the high-tempera-
ture data using the modified
Bragg-Williams model (Eq. 11).
Dashed line is fit by hand to the
low-temperature data using the
coarsening kinetic model

(Eq. 17). After data collection
at 500 °C in a, the sample was
cooled to room temperature
and then reheated. This causes
a slight discontinuity in the
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scattering vector in the refinements and no correction
was made for anisotropic broadening of the superlattice
reflections. This approach is only applicable once long-
range order has been established in the crystal and the
width of the superlattice reflections approaches those of
neighbouring fundamentals. The presence of TDBs has
no effect on the integrated intensity of the superlattice
reflections, but the peak intensity at the Bragg position is
reduced because of broadening (Warren 1990). Since
only Bragg intensity is analysed in the Rietveld refine-
ments, Q becomes a function of the average domain size.
This leads to the kinetic relaxation behaviour observed
during heating (see discussion).

The thermodynamics of cation ordering in this sys-
tem are well described by a modified Bragg-Williams
model (Harrison et al. 2000b):

AG = AH — TASpoin (7)

IR U
AH = a0 + 1b0 (8)
ASpoint = Spoint(Q) - Spoint (O) (9)
(10)

Spoint = 7RZ‘X1J hl)(l‘»f )
iy

where a and b are constants for a given composition.
Equations (7), (8), and (9) give the excess free energy,
enthalpy and configurational entropy of ordering rela-
tive to the fully disordered state at the temperature
of interest. The entropy is calculated under the
assumption that there is random mixing of cations on
the A- and B-layers and no correlation between
nearest-neighbour interlayer cation pairs (Eq. 10). This
assumption overestimates the configurational entropy
(and consequently the magnitudes of « and b), but does
not influence the quality of fit to the experimental data
(Harrison et al. 2000b). Therefore, the model may be
used to define and extrapolate the equilibrium cation
distribution, even when it does not provide a com-
pletely accurate description of the thermodynamic
properties.

The equilibrium degree of long-range order, Q. is
found by minimising the free energy with respect to Q:

aQeq + bO?
T=-— Qeq 1 00cq : (11)
Rx(Infx + xQ0cq] — Infx — x0cq])
where x is the mole fraction of FeTiOj3 in the solid so-
lution. The critical temperature is given by the limit of
Eq. (11) as Qcq — 0:

a

2Rx
The solid curves in Fig. 7 are least-squares fits to the
high-temperature data using Eq. (11). Only values of Q
determined from diffraction patterns with sharp super-
lattice reflections were included in the fit. The cooling
data at 200 and 400 °C in ilm60 were excluded. Values
of a=-11000 + 200 J mol™" and b= -1100 + 400

Tog = (12)
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J mol™! were obtained for ilm60 and a = —12 800 +
200 J mol™" and b= -2200 + 600 J mol™" for ilm65,
yielding Toq =830 £ 20 °C and T,y =911 + 20 °C.
These values are in good agreement with the trend es-
tablished by Harrison et al. (2000a) for more ilmenite-
rich compositions (Fig. 1).

Spontaneous strain

The a-cell parameter varies roughly linearly with temper-

ature and shows little correlation with the magnetic and

cation ordering transitions (Fig. 8a, b). The ¢ cell param-

eter has an unusual temperature dependence, which is best

visualised in terms of the spontaneous strain:
Cc — C

€33 = ;
Co

(13)

where ¢ is the hypothetical cell parameter of the high-
symmetry phase extrapolated to the temperature of in-
terest (Fig. 8c, d). Values of ¢, were determined by linear
extrapolation of the cell parameters measured above T4
to lower temperatures. The linear decrease in e;; be-
tween room temperature and 300 °C correlates with the
magnetic ordering transition. The fact that the decrease
continues until well above T, is further evidence of
magnetic heterogeneity in these samples. In ilm60
(Fig. 8c), es3 increases slightly above 300 °C and then
decreases linearly to zero between 550 °C and Tq4. Ilm65
shows a similar temperature dependence (Fig. 8d).

Discussion
Short-range ordering

The high integrated intensity of the (003) reflection in
ilm60 demonstrates that a high degree of short-range
order develops on quenching (Fig. 6b). Short-range
order describes correlation between neighbouring cation
site occupancies. Ordering in these samples is driven by
the need to avoid nearest-neighbour Ti-Ti pairs, which
have a high energy due to electrostatic repulsion across
the shared face of the oxygen coordination octahedra
(Fig. 2b). The probability of finding Ti on an A-layer
next to Ti on a B-layer can be written:

PR % = XpXT(1 - 0) = X5;(1 - @))(1 - o) | (14)

where o is the short-range order parameter and X is the
ratio of Ti cations to total cations in the system (Vino-
grad et al. 1997). When ¢ =0 (no short-range order),
PA~B. is equal to the product of the concentration of Ti
on the A- and B-layers. When ¢ = 1 (full short-range
order), there is complete nearest-neighbour Ti-Ti
avoidance (i.e. PR~8. = 0).

A visual impression of the short-range ordered
structure can be obtained using a statistical simulation
approach based on the cluster variation method (Vino-
grad and Putnis 2001). This technique provides a way of
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simulating domain structures for an arbitrary degree of
short- and long-range order, and is ideally suited to the
study of non-equilibrium domain structures that arise on
quenching. Although the technique has so far only been
applied to a square planar lattice, visualisation of the
domain structures and their corresponding Fourier
transforms provides a useful basis for interpreting our
experimental results.

Domain structures are generated by the propagation
of growth steps (Fig. 9). The conditional probability of
adding an atom at site i to a preexisting growth step
formed by sites j, k, 1 and m, is:

_ Pjkim

Pl/_]klll’l - ijlm ) (15)
where 1, j, k, etc. can be either Fe or Ti, and Pjj.__ is the
probability distribution of the given cluster of sites. For
any value of X, Q and g, the probability distribution of
the 8-point cluster, Pjjimnop, can be determined using
CVM and used to derive the probability distributions of
the subclusters, Pjjim and Pjgm (Vinograd and Putnis
1999). Given a suitable starting step, the lattice can be
grown atom by atom by adding Fe or Ti cations
according to their conditional probabilities.

Temperature (°C)

The result of a simulation with X; = 0.3, Q@ = 0, and
g =1 (i.e. bulk composition ilm60 with no long-range
order and full short-range order) is shown in Fig. 10a.
Each site is shaded according to its occupancy and its
sublattice. All Ti sites are surrounded by Fe nearest-
neighbours, leading to the formation of fine-scale

j (N—(0) ?
I I P ijklmnop
n \I-c/ m

D,

Subcluster PIJ Klm

Subcluster ij]m

- @ P i/jklm=P ijklm/ P jklm

-/ / -/ /
Fig. 9 Definition of clusters and subclusters used to generate domain
structures. (After Vinograd and Putnis 2001)




Fig. 10a—c a Statistical sim-
ulation of short-range order
in a square planar lattice
with bulk composition
equivalent to ilm60
(X1;=0.3, 0 =0, and

o = 1). Squares are shaded
according to their occupancy
and sublattice (Fe on A dark
grey; Ti on B white; Fe on B
black; Ti on A light grey).

b Statistical simulation of
partial long-range order,
high short-range order
(X1:=0.3, 0 = 0.6, and

o = 1). ¢ Diffraction pat-
terns derived from a (solid
line) and b (dashed line) via
fast Fourier transform
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ordered and antiordered domains. Due to the choice of
shading, ordered domains appear as a white on a dark
grey chessboard pattern, while antiordered domains
appear as light grey on black. The domains are sur-
rounded by disordered Fe-rich TDBs, which appear
dark grey on black. Fe-enrichment of the TDBs is a
natural consequence of short-range ordering, since the
only way to achieve complete Ti—Ti avoidance is to move
Ti away from the disordered boundaries and into the
domains. The domains themselves become enriched in Ti
relative to the bulk composition. In the limiting case (i.e.
when the domains are infinitely small), the Fe:Ti ratio
within the domains approaches 1:1 and the TDBs con-

300
Reciprocal Space

400

tain only Fe. This is not quite the case in Fig. 10a, since
each ordered domain can be seen to contain a significant
number of excess Fe defects (although a lower number
on average than in the long-range ordered structure with
this bulk composition). A simulation with X; = 0.3,
Q = 0.6 and ¢ = 1 is shown in Fig. 10b. This illustrates a
possible non-equilibrium domain structure that would
be obtained during the transformation from short- to
long-range order. Here, the general structure of ordered
and antiordered domains is retained, but the volume
fraction of ordered domains is greater.

Diffraction patterns of the short- and long-range or-
dered structures were obtained by performing a fast
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Fourier transform (FFT) of the 201 x 201 matrix of
Fe and Ti cations (Fig. 10c). To eliminate termination
effects, the matrix was multiplied by a raised cosine
function, which falls smoothly to zero at the edge of the
box. The profiles in Fig. 10c were then obtained by
projecting the diffraction pattern along y*. Long-range
ordering produces a sharp superlattice reflection
superimposed on a diffuse background (dashed curve).
Short-range ordering produces a highly diffuse reflection
superimposed on a gently curving background. The
integrated intensity is equal in both cases. The width of
the short-range ordered reflection yields an average
domain size of four to five nearest-neighbour distances.
This is comparable with the broadening of the (003)
reflection in ilm60, which suggests a domain size of
20 A, or six to seven nearest-neighbour distances.

The main difference between the square lattice sim-
ulations and our experimental results is that short-range
ordering in ilmenite—hematite is highly one-dimensional,
with ordering fluctuations constrained almost entirely to
k-vectors parallel to [003]*. A simplified domain model
for a bulk composition of ilm67 (containing equal pro-
portions of Fe’ ", Fe** and Ti) is presented in Fig. 11.
The model consists of ordered and antiordered ilmenite-
like domains surrounded by hematite-like TDBs, with a
domain size approximately equal to the ¢ cell parameter
(14 A). Horizontal lines correspond to the (003) planes.
Cations lying on the (003) planes belong to the A sub-
lattice, whereas those lying halfway between belong to
the B sublattice. As the domain size approaches the unit-
cell dimensions, the cation occupancy of adjacent layers
remains highly correlated, leading to a diffuse (003)
reflection with a high integrated intensity (Fig. 6b). The
diagonal lines in Fig. 11 show the (011) planes. There is
no short-range correlation between adjacent planes,
leading to the low integrated intensity of the (011)
reflection (Fig. 6a). This loss of intensity is balanced by
an increase in background scattering around the (011)
reflection. This background may be wrongly attributed
to the (003) reflection in the powder diffraction experi-
ment, since there is significant overlap between the peaks.
This may explain why the (003) reflection has a much
higher integrated intensity than expected for this bulk
composition (i.e. higher than the dashed line in Fig. 6b).

Transformation from short- to long-range order

The order parameter shows a pronounced kinetic relax-
ation on heating (Fig. 7). This phenomenon is normally
described using a macroscopic rate law, whereby the rate
of ordering is proportional to the thermodynamic driving
force (i.e. dQ/dt o« dG/dQ; Harrison et al. 1998; Redfern
et al. 1999). Equilibrium is defined by dG/dQ = 0,soin a
constant heating rate experiment the maximum in the
kinetic curve occurs just after it crosses the equilibrium
curve. The kinetic relaxation in these experiments is u-
nusual because the maximum occurs well before the
equilibrium curve is reached. The origin of this behaviour
may be demonstrated using a simple coarsening model.

c=14 A

a iz

Fig. 11 Schematic representation of the ilmenite structure viewed
down the a-axis, showing the possible short-range ordered structure in
a quenched sample with bulk composition ilm67 (Fe>™ black; Fe**
grey; Ti white). Horizontal lines show the trace of the (003) planes,
diagonal lines show the trace of the (011) planes

As demonstrated by the statistical simulations in
Fig. 10, the transformation from short- to long-range
order occurs at the atomic scale via the growth of very
fine-scale ordered domains at the expense of antiordered
domains (or vice versa). At any point in time, the degree
of long-range order is given by:

Q:N+Qeq_N7Qeq ) (16)
where N and N~ are the fractions of ordered and an-
tiordered domains (N~ =1 - N"). Growth of the or-
dered domains is expected to follow a power law of the
form N* o (¢/7)", where ¢ is time and ™' = yexp(—E,/
RT). Growth slows down as the ordered regions coalesce
and equilibrium is reached. This can be modelled using
the Avrami equation (Malcherek et al. 1997):
NT=Nf+(1 —NJ)(I —e’(’/’)m) , (17)
where N is the initial fraction of ordered domains. A
constant heating rate can be approximated by a series of
isothermal annealing steps. The value of N* at the end
of each annealing step is calculated from Eq. (17) and
taken as the starting value for the subsequent step at a
higher temperature.

Results of the coarsening model are shown as the
dashed lines in Fig. 7. It is not possible to determine
y and E, independently from a constant heating rate
experiment. Therefore, an arbitrary value of
E, =300 kJ mol™' was assumed and 7 and m were
adjusted by trail and error to give the best observed fit



to the experimental data. Values of y=10"*s! and
m = 0.1 were used for both ilm60 and ilm65. Heating
rates of 0.6 and 1.5 K min™" were used for ilm60 and
ilm65, respectively, consistent with the known thermal
history of the samples. Ignoring the data point at 200 °C
in ilm60 (which is probably influenced by magnetic or-
dering), the coarsening model provides an excellent de-
scription of the kinetic relaxation behaviour. Relaxation
is determined by the balance between the rate of coars-
ening and the rate of disordering within the domains.
The maximum in the kinetic curve occurs when these
two rates are equal, and need not coincide with the
equilibrium curve.

Magnetic heterogeneity

On the basis of these experiments alone, it is only pos-
sible to speculate about the origin of the magnetic het-
erogeneity seen in Fig. 4. The value of T, is controlled
on a mesoscopic length scale by factors such as the
composition, cation distribution and stoichiometry. Our
own (unpublished) experiments on these samples indi-
cate that the intrinsic correlation between cation distri-
bution and T, is negligible in comparison to the effects of
bulk composition and non-stoichiometry. The relation-
ship between bulk composition and T, is well defined
(Fig. 1). The effect of non-stoichiometry depends on the
temperature at which it is acquired. The stability field of
ilmenite—hematite has a finite width at high temperatures
(Lindsley 1991). It is possible to synthesise slightly oxi-
dised single-phase material at 1300 °C and retain the
non-stoichiometry on quenching. Nord and Lawson
(1992) cite unpublished experiments which show that T
is lower in the non-stoichiometric phase. This does not
then explain the anomalously high T, observed in these
samples. At lower temperatures, the stability field of il-
menite—hematite is very narrow. Under these conditions,
slight oxidation produces small amounts of Ti-rich
pseudobrookite—ferropseudobrookite solid  solution.
The remaining ilmenite-hematite is enriched in Fe and
has a higher 7. This cannot be ruled out as a source of
heterogeneity in these samples, although no traces of
pseudobrookite—ferropseudobrookite were seen in any
of the neutron diffraction patterns at any of the tem-
peratures studied.

A third possibility is that the magnetic heterogeneity
reflects the compositional heterogeneity associated with
Fe-enrichment of TDBs. As shown in Fig. 10, statistical
models predict that compositional heterogeneity exists in
both the short- and long-range ordered structures on a
length scale of several nearest-neighbour distances. Due
to the short-range nature of magnetic interactions, it is
conceivable that such local compositional heterogene-
ities would enhance the degree of short-range magnetic
order at temperatures far above the bulk 7. Harrison
et al. (2000a, b) further speculated that compositional
heterogeneity might be enhanced on cooling through the
solvus if the TDBs acted as nuclei for the disordered
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Fe-rich phase. It is unlikely that significant exsolution
occurs during the quench. However, heterogeneous
nucleation at TDBs may become important as the
quenched samples are heated slowly through the solvus
during the neutron diffraction experiments.

Relevance to natural material

Interest in the phenomenon of self-reversed thermore-
manent magnetization (SR-TRM) has been revived re-
cently, following a series of detailed micromagnetic
studies on ilmenite samples from the Nevado del Ruiz
and Pinatubo dacitic pumices (Haag et al. 1993; Hoff-
mann 1996; Hoffmann and Fehr 1996; Bina et al. 1999).
Ilmenite-hematite grains from these volcanoes are
zoned, with the rims being slightly Fe-richer than the
cores. The chemical zonation is thought to be caused by
the injection of a more basaltic magma into the dacitic
magma chamber shortly before eruption. Despite the
small difference in composition between the rim and the
core (rim = ilm53-ilm57, core = ilm358), their magnetic
properties are very different. The rim is antiferromag-
netic with a weak parasitic moment, while the core is
strongly ferrimagnetic. Hoffmann and Fehr (1996) sug-
gested that the Fe-rich rim of these grains acts as the so-
called x-phase, which is responsible for the SR-TRM
acquired after eruption.

This study provides some insight into the possible
structural and microstructural state of these rapidly
cooled natural samples. The antiferromagnetic nature of
the rim phase suggests that it grew within the disordered
R3c stability field and was quenched fast enough on
eruption to prevent long-range cation ordering. We
would expect the rim to have a high degree of short-
range cation order, similar to that observed in our
quenched ilm60 sample. The ferrimagnetic nature of the
core phase suggests that it either grew within the ordered
R3 stability field or cooled at a much slower rate,
allowing time for cation ordering to take place after
eruption. In the first case, we would expect the core to
have no TDBs, since these would have been annealed
out before eruption. In the latter case, we would expect
the core to contain fine-scale twin domains, such as
those observed in our slowly cooled synthetic samples
(i.e. domain size <400 A). At present, no TEM study
has been performed to determine which of these sce-
narios is correct. Micromagnetic studies show that the
cores contain many free-standing magnetic walls, which
move easily through the crystal. This suggests that no
TDBs are present, since these would strongly pin the
magnetic walls (Nord and Lawson 1992; Harrison 2000).
This puts a strict constraint on the temperature of the
magma before eruption, since the compositions of the
core and rim must straddle the R3¢ to R3 phase
boundary. Assuming compositions of ilm58 and ilm53
for the core and rim, respectively, the temperature
before eruption is constrained to lie between 700 and
790 °C (Fig. 1).
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The changes in structure and microstructure which
occur as a function of distance from the rim to the core
will be equivalent to those which occur as a function of
temperature during heating of our quenched samples.
The mechanism of the short- to long-range order
transformation, and the microstructures which are pro-
duced along the way, are sure to play a crucial role in the
self-reversal process. The experimental observations and
statistical simulations presented in this study provide the
first step towards understanding this phenomenon.
Further work will concentrate on developing methods
for simulating non-equilibrium domains structures in
three-dimensional systems with the ilmenite topology.
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