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Antiphase Domains and Reverse Thermoremanent

Magnetism in Ilmenite-Hematite Minerals

Abstract. Examination of synthetic ilmenite-hematite samples by transmission
electron microscopy has for the first time revealed the presence of well-defined
antiphase domains and antiphase domain boundaries in this mineral system.
Samples quenched from 1300°C have a high density of domain boundaries, whereas
samples quenched from 900°C have a much lower density. Only the high-temperature
samples acquire reverse thermoremanent magnetism when cooled in an applied
magnetic field. The presence of a high density of domain boundaries seems to be a
necessary condition for the acquisition of reverse thermoremanent magnetism.

The iron-titanium oxide minerals oc-
cur as accessory phases in most common
rock types. Minerals of the ilmenite-
hematite (Ilm-Hem) solid solution series
(FeTiOs-Fe,05) are generally the second
most abundant iron-titanium oxides
present after minerals of the ulvospinel-
magnetite series (Fe,TiO4-Fe;04), and in
some rocks Ilm-Hem minerals occur as
the dominant or sole iron-titanium oxide
minerals (/). The Ilm-Hem minerals are
of great interest to mineralogists and
petrologists because these minerals act
as geothermometers and oxygen barom-
eters when in equilibrium with an ulvo-
spinel-magnetite phase (2). In addition,
these minerals are of interest to those
working in the fields of rock magnetism
and paleomagnetism because samples
having intermediate compositions in
the range between IlmysHemss and
Ilm;sHem,s are ferrimagnetic and can
have room-temperature saturation mag-
netizations as large as 30 A m¥kg (30
emu/g) (3, 4). Both end members are
antiferromagnetic below their respective
Néel temperatures (T = 685°C for hem-
atite; Ty = —217°C for ilmenite).

Minerals of the Ilm-Hem series are
rhombohedral. Hematite belongs to the

space group R3c, and ilmenite belongs to
the less symmetric space group R3 be-
cause of its ordered distribution of Fe®*
and Ti*" ions on alternate cation layers
(2). The ferrimagnetic phases, having
intermediate  compositions between
IlmysHemss and IlmgsHem,s, have the
hematite structure at high temperatures,
presumably because cations are disor-
dered over the layers, and have the or-
dered Ilm structure at low temperatures
(2, 5). The transition temperature be-
tween the two structures has been esti-
mated only for the composition range
IlmgsHemss to IlmysHemiss; it apparently
decreases from approximately 1100°C
for IlmgsHem;s to 600°C for IlmysHemss
(5). Within this same intermediate range
of compositions, the magnetic properties
of the minerals are sensitive to the ther-
mal history of the sample, and the
strength of the magnetic moment of a
given sample is generally acknowledged
to increase as heat treatment is pro-
longed; some workers have suggested
that this increase is due to an increase in
the ordering of iron and titanium cations
(2, 5, 6). Minerals having these composi-
tions can acquire a reverse thermorema-
nent magnetization (reverse TRM). A

reverse TRM results when a sample that
is cooled from above its Curie tempera-
ture in an applied field acquires a rema-
nent moment that is opposite in direction
to that of the applied field. Reverse TRM
has also been related to ordering in the
Ilm-Hem system (5-9). On the basis of
theoretical considerations, Néel (/0)
showed that reverse TRM most com-
monly results where two different mag-
netic phases are magnetically coupled (8,
10). The presence of a second, minor
phase, termed the ‘‘X-phase’” by
Ishikawa and Syono (8), has been in-
voked to explain reverse TRM in Ilm-
Hem phases (6-8). The X-phase, howev-
er, has never been observed directly,
and investigators have noted that the
analyzed Ilm-Hem grains are homoge-
neous down to the scale of the standard
analytical techniques applied (x-ray dif-
fraction, reflected light microscopy, and
electron microprobe analysis). These ob-
servations make it clear that, if the re-
verse TRM in these minerals is due to a
magnetic coupling between two phases,
then the minor phase must be present on
a very fine scale.

The presumed high-low symmetry
change in Ilm-Hem minerals of interme-
diate compositions has some of the
structural properties that result in the
formation of antiphase domains (APD’s)
and antiphase domain boundaries
(APB’s) (APD’s are chemical domains
and, as such, are distinct from magnetic
domains). These structures have been
observed in many alloys and ceramics,
as well as in other mineral systems. As a
sample goes through the order-disorder
transition, ordering is initiated indepen-
dently in different regions. When an or-
dered region has grown large enough to
impinge on another ordered region, the
two regions can interact in one of two
different ways. If the cation layers of two
regions are in phase (that is, if iron-rich
layers of one region are adjacent to iron-
rich layers of the other region), then the
two regions will coalesce into one or-
dered domain (an APD). If the adjacent

Table 1. Thermal history of Iim;,Hems, samples. Abbreviations: COF, controlled oxygen fugacity apparatus (quenched to room temperature in
approximately 10 seconds); ST, evacuated, sealed silica tube technique (quenched to room temperature in approximately 1 minute); R, reverse;

N, normal.
Synthesis Anneal TRM
Sample . .
No. Tea?:]lizr Tech- Time Quench tht]:g:r Tech- Time Quench Direc- Magnitude*
°C) nique (hours) medium ¢C) nique (hours) medium tion (A m¥kg)
13+ 1300 COF 36 Mercury R 1.936 x 107!
9% 900 ST 336 Water N 1.177 x 1072
13/9 900 ST 240 Water N 1.134 x 1072
9/13 1300 ST 12 Water R 1.153 x 10°
*1 Almz/kg = 1 emu/g. ‘+Sample made from an appropriate mixture of Fe;0; and TiO,. tSample made from an appropriate mixture of Fe,Os, TiO,, and iron
metal.
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cation layers of the two ordered regions
are out of phase with one another (anti-
phase), then a boundary (an APB) will be
set up, and two APD’s will exist. The
APB’s are generally considered to be
disordered. Statistically, portions of the
APB’s, if randomly arranged in the
structure, can be enriched in either iron
or titanium. However, crystal chemical
considerations make it seem more likely
that the APB’s will be iron-enriched,
forming a hematite-like structure, rather
than titanium-enriched. Titanium enrich-
ment of the boundaries might require the
less favorable juxtaposition of Ti** ions
on adjacent layers, violating the avoid-
ance principle. We hypothesized that
iron-rich APB’s could act as the X-phase
during the formation of reverse TRM
un.

As part of a detailed study on the
mechanism of acquisition of reverse
TRM in this system, Lawson has syn-
thesized minerals having a range of
compositions between IlmsogHemsy, and
Ilm,go0Hem, by use of both standard con-

Fig. 1. (a) Dark-field transmission electron
microscope image of antiphase domains
and antiphase domain boundaries in the
Ilm,oHem;, sample synthesized at 1300°C
(sample 13). Scale bar is 100 nm. (b) Electron
diffraction pattern of sample 13. The arrow
indicates the (0003) superlattice reflection
used to image (a).
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trolled oxygen fugacity apparatus (4, 12)
and the evacuated, sealed silica tube
technique (6, 7, 13). Samples in the con-
trolled oxygen fugacity experiments
were synthesized at 1300°C for at least 36
hours and quenched in mercury; those
synthesized in silica tubes were held at
900°C for approximately 2 weeks and
were quenched in water. Among the
high-temperature samples, those having
compositions between IlmgHem,y and
Ilm;sHem,s acquire reverse TRM when
cooled in an applied field of 13.9 A/m
(0.175 Oe). Only the sample having the
composition IimggHemyg in the low-tem-
perature series acquires a similar reverse
TRM. Samples having all other composi-
tions in both series acquire normal
TRM’s.

We have examined synthetic samples
having both normal and reverse TRM of
composition Ilm;oHemj3q by transmission
electron microscopy in order to identify
the X-phase responsible for the reverse
TRM phenomenon. The thermal history
of each sample is detailed in Table 1. The
1300°C Ilm;oHem;o sample (sample 13)
has the strongest reverse TRM moment
of any composition synthesized, and the
900°C Ilm,oHem;, sample (sample 9) has
anormal TRM. To test the reproducibili-
ty of the sense of the TRM's (whether
normal or reverse) and to check that
synthesis technique is not a factor, a
portion of the 1300°C Ilm,;,Hems, sample
(sample 13) was annealed at 900°C for 10
days (sample 13/9). Also, a portion of the
900°C Ilm;oHems, sample (sample 9) was
annealed at 1300°C for 12 hours (sample
9/13). Both annealing experiments were
conducted using the silica tube tech-
nique. A normal TRM was acquired in
sample 13/9, and a reverse TRM was
acquired in sample 9/13.

The four samples of Ilm;oHem;o were
mounted in epoxy resin and ground and
polished mechanically to a thickness
of approximately 10 pm before being
placed in an argon ion milling apparatus
for final thinning. The thin foils were
examined in a transmission electron mi-
croscope (JEOL 200B) (/4) operating at
an accelerating voltage of 200 kV with a
goniometric tilting stage.

The two samples characterized by re-
verse TRM were found to contain a well-
defined APD microstructure, in which
each domain is bounded by an APB. A
typical example of the APD structure
present in the sample synthesized at
1300°C is shown in Fig. 1a. The APD’s
are slightly elongated approximately par-
allel to the basal plane and are approxi-
mately 100 nm in the longest dimension.
The APD structure was imaged in dark
field by use of the ordered (0003) super-

lattice reflection (Fig. 1b). The micro-
structures associated with the low-tem-
perature samples (samples 9 and 13/9)
are very distinct from those associated
with the high-temperature samples. Un-
der the same operating conditions as
were used to obtain dark-field images for
the high-temperature samples, only rare
APB’s were seen. For the 1300°C
Ilm;oHemso sample that was subsequent-
ly annealed at 900°C, sample 13/9 (Fig.
2a), only two APD’s are present within
the field of view (which is approximately

‘2 um wide), and they are separated by a

long, straight APB. For this particular
sample, each APD is larger than 2 pm in
its long dimension. The electron diffrac-
tion pattern from which this sample was
imaged (Fig. 2b) also shows sharp satel-
lite reflections about (0003) (Fig. 2b,
inset). The presence of these satellite
reflections is probably due to the incipi-
ent formation of compositional fluctua-

Fig. 2. (a) Dark-field transmission electron
microscope image of large antiphase domains
in the Ilm,,Hem;, sample synthesized at
1300°C and subsequently annealed at 900°C
(sample 13/9). Note the large size of the two
domains, which are separated by a single
boundary. The scalloped texture is a surface
phenomenon created during ion milling. Scale
bar is 1 pm. (b) Electron diffraction pattern of
sample 13/9. The arrow indicates the (0003)
reflection. Inset shows the satellite reflections
surrounding the (0003) reflection.
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tions which can form by spinodal decom-
position within the Ilm-Hem solvus (/5).
From the separation of the satellites
shown in Fig. 2b, the wavelength of
these modulations is calculated to be
approximately 3.5 nm.

Although the temperature of the order-
disorder transition for Ilm;yHems, has
not been determined, from an extrapola-
tion of Ishikawa’s data (5) we can rea-
sonably assume that it is between 1100°
and 1200°C. The domain structure that is
present in the 1300°C Ilm,oHemsy sample
must have formed during the quench
from the synthesis temperature. All sam-
ples synthesized at 1300°C were
quenched to room temperature in ap-
proximately 10 seconds. Clearly then,
for the domain structure to form during
quenching, diffusion of iron and titani-
um, at least between layers separated by
several angstroms, must be very rapid.
The sample synthesized at 900°C and
then annealed at 1300°C also formed fine
APD’s upon quench.

If rapid diffusion rates are operative in
this system, the microstructures present
in the 1300°C sample that was annealed
at 900°C are readily explained. In the
long term, APB’s are metastable. Be-
cause APB’s have some surface energy,
during annealing the crystal reduces its
free energy by reducing the APB surface
area. This process is known as coarsen-
ing. For samples having the composition
Ilm;oHems, a heat treatment at 900°C
for 10 days is sufficient to coarsen the
APD’s dramatically. Because the most
recent estimates place the consolute
temperature of the solvus in this system
at or below 800°C (2, 16), the composi-
tional fluctuations that are present in this
sample must have formed during the
quench. Quenching from 900°C to room
temperature for experiments conducted
with the silica tube technique is much
slower than that for the high tempera-
ture~controlled oxygen fugacity experi-
ments and is generally on the order of 1
minute. We reasonably assume that, dur-
ing quenching, once the sample is within
the spinode, there is sufficient time for
diffusion to take place over the distances
necessary to form the observed 3.5-nm
compositional fluctuations.

No discrete precipitates that could
represent an X-phase were discovered in
the Ilm,yHems, samples during examina-
tion with the transmission electron mi-
croscope. However, the observed mag-
netic properties can be explained on the
basis of the presence of the aforemen-
tioned APD and APB microstructures.
In order to illustrate the mechanism for
the onset of reverse TRM, we consider a
generalized scenario incorporating fea-
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tures of earlier models with our observa-
tions. In this scenario, an ordered sam-
ple containing a small amount of X-phase
(APB’s) is cooled in an applied field from
above its Curie temperature to room
temperature. The cation ordering of the
major phase (APD’s) and the formation
of the X-phase (APB’s) take place at a
much higher temperature than that at
which the magnetic ordering takes place.
During cooling, the X-phase (APB’s) will
become magnetic before the ordered re-
gions (APD’s) because the APB’s (i)
probably lie between cation layers com-
posed mainly of ferric and ferrous iron,
(ii) have the structure like that of the
high-temperature disordered phase, (iii)
are iron-enriched relative to the bulk of
the material (APD’s), and thus (iv) will
have a higher Curie temperature than
that of the ordered regions. Magnetical-
ly, the X-phase acts like a normal ferri-
magnet in that the direction of its mag-
netic moment is parallel to the applied
field. After further cooling, the Curie
temperature of the ordered regions
(APD’s) is reached. At this temperature,
because of a presumed antiferromagnetic
coupling between the X-phase (APB’s)
and the ordered regions (APD’s), the
direction of the magnetic moment of the
ordered regions becomes the reverse of
that of the X-phase and thus the reverse
of the applied field. The precise nature of
this presumed coupling is as yet unex-
plained, but such coupling appears to be
required for any model of reverse TRM.
Although the X-phase (APB’s) has a
higher iron concentration than the or-
dered regions (APD’s), the ordered re-
gions are much more important volumet-
rically and consequently contain much
more total iron. As a result, at room
temperature the reverse TRM of the or-
dered regions dominates the sample.

Samples synthesized or annealed at
900°C, which is below the order-disorder
transition for IlmjyHems,, have much
larger domains or no domains at all and
consequently have a much smaller vol-
ume of APB’s than samples synthesized
or annealed at 1300°C. Presumably some
critical volume of APB’s is necessary for
the acquisition of reverse TRM. In sam-
ples containing less than the critical vol-
ume, the APB’s are unable to effectively
couple magnetically with the main body
of the domains, and a normal TRM re-
sults.

Our hypothesis whereby APB’s act as
the X-phase during the acquisition of
reverse TRM is consistent with all ex-
perimental data from mineralogic, petro-
logic, and magnetic studies and, at pres-
ent, it is the only one that is consistent.
Three of the four major restrictions on

the character of the X-phase, (i) iron
enrichment, (ii) disordered iron-titanium
distribution, and (iii) metastability during
long-term annealing, are satisfied when
APB’s are equated with the X-phase.
The fourth restriction, that the X-phase
and ordered regions be coupled antifer-
romagnetically, cannot be substantiated
or contradicted on the basis of our obser-
vations or any present models of APD
and APB formation. However, antiferro-
magnetic coupling appears to be a neces-
sary condition for the acquisition of re-
verse TRM (I17).
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