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S U M M A R Y
Magnetic experiments, a Monte Carlo simulation and transmission electron microscopy ob-
servations combine to confirm variable chemical phase separation during quench and anneal-
ing of metastable ferri-ilmenite compositions, caused by inhomogeneous Fe-Ti ordering and
anti-ordering. Separation begins near interfaces between growing ordered and anti-ordered
domains, the latter becoming progressively enriched in ilmenite component, moving the Ti-
impoverished hematite component into Fe-enriched diffusion waves near the interfaces. Even
when disordered regions are eliminated, Fe-enriched waves persist and enlarge on anti-phase
boundaries between growing and shrinking ordered and anti-ordered domains. Magnetic results
and conceptual models show that magnetic ordering with falling T initiates in the Fe-enriched
wave crests. Although representing only a tiny fraction of material, identified at highest Ts on
a field-cooling curve, they control the ‘pre-destiny’ of progressive magnetization at lower T.
They can provide a positive magnetic moment in a minority of ordered ferrimagnetic material,
which, by exchange coupling, then creates a self-reversed negative moment in the remaining
majority. Four Ts or T ranges are recognized on typical field-cooling curves: TPD is the T range
of ‘pre-destination’; TC is the predominant Curie T where major positive magnetization in-
creases sharply; TMAX is where magnetization reaches a positive maximum, beyond which it is
outweighed by self-reversed magnetization and TZM is the T where total magnetization passes
zero. Disposition of these Ts on cooling curves indicate the fine structure of self-reversed ther-
moremanent magnetization. These results confirm much earlier suspicions that the ‘x-phase’
responsible for self-reversed magnetization resides in Fe-enriched phase boundaries.

Key words: Magnetic mineralogy and petrology; Rock and mineral magnetism; Microstruc-
tures; Phase transitions.

1 I N T RO D U C T I O N

The microstructures produced by Fe-Ti ordering in quenched and
annealed ferri-ilmenite solid solutions were portrayed in the land-
mark transmission electron microscopy (TEM) studies by Nord &
Lawson (1989, 1992), who implied, but did not demonstrate, chem-
ical phase separation during this process. More recently chemical
evolution of quenched and annealed ferri-ilmenite solid solutions
was covered in some detail by Robinson et al. (2012a), in general
agreement with the earlier results of Harrison (2006). Emphasis
was placed on the details of ‘contact layers’ expected to be found
at interfaces between ordered and anti-ordered phases, even where
the two are of the same composition and the same order parameter

Q. Arguments were also made that, after metastable chemical phase
separation, the coarsening process will cause small and shrink-
ing ordered and anti-ordered domains to become more Fe-enriched
relative to larger and growing ordered and anti-ordered domains.
Further, it was postulated that the vicinity of the antiphase bound-
aries between the ordered and anti-ordered domains will become
even more Fe-rich than the Fe-rich domain they are adjacent to,
thus creating Fe-enriched ‘waves’.

Recent high-temperature (T) magnetic experiments shed new
light on the acquisition of self-reversed thermoremanent magne-
tization in such samples. Extensive background for this subject is
covered by Fabian et al. (2011), including discussion of many earlier
studies (Nagata et al. 1952; Uyeda 1958; Ishikawa & Syono 1963;
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2 P. Robinson et al.

Hoffman 1975a,b, 1992; Prévot et al. 2001; Ozima et al. 2003;
Lagroix et al. 2004). Basic features of the magnetic interactions,
as presently understood, are described by Robinson et al. (2012b).
Here we describe four types of magnetic experiments on two syn-
thetic samples, a Monte Carlo simulation, and TEM observations.
Conceptual models are then provided that link chemical evolution
to the details of self-reversed thermoremanent magnetization.

2 M A G N E T I C E X P E R I M E N T S ,
S I M U L AT I O N S , T E M O B S E RVAT I O N S

Magnetic measurements were made using a Vibrating Sample Mag-
netometer (VSM, Princeton Measurements Corp., Princeton, NJ,
USA). These included switching-T experiments (Section 2.1), cool-
ing curves (Section 2.2), hysteresis loops at T (Section 2.3) and
high- and low-T measurements of susceptibility and remanence
(Section 2.4). Switching-T experiments and cooling curves were
made by heating a sample to a maximum T of 350 ◦C, and then
cooling to room temperature (RT) in a + or – field of 0.5 or
5 mT. Low-T measurements were made at the IRM (University of
Minnesota, Minneapolis, MN, USA) from RT down to 10 K with a
liquid helium cryostat inserted in the VSM. T-hysteresis loops were
measured in a sequence after heating the sample first to 350 ◦C, and
then cooling to the indicated temperature, followed by a wait time
of 3 min, inside the He flow of the VSM furnace. A field of 1 Tesla
(T) was applied for the hysteresis measurements.

2.1 Switching-T experiments

In these experiments, first introduced by Fabian et al. (their fig.
10, Fig. 1 here), the sample was cooled in a field of –0.5 mT,
from 350 ◦C, a T below which chemical change will not occur. The
‘switching T ’, is the T where the field was switched from –0.5
to +0.5 mT, after which the sample was cooled to RT, where the
remanence was measured. It was observed that if the switch occurred
above a certain T range, then the resulting remanence at RT was
negative. However, below that T range, the switch to a positive field
had no effect, and the resulting remanence at RT was positive. In
this way a T range was identified where the primary requirement for
magnetic self-reversal was established, yielding negative remanence
when the magnetization was positive while passing this, and yielding
positive remanence when the magnetization was negative while
passing the same T range.

For a sample of bulk composition Ilm 60 (Fig. 1a), quenched at
900 ◦C, above the 830 ◦C cation ordering T, and annealed for 5 min
at 600 ◦C, below the cation ordering T, the corresponding T range
is 285–250 ◦C equivalent to the Curie Ts of the compositions Ilm
49–53. For a sample of bulk composition Ilm 65 (Fig. 1b) quenched
at 980 ◦C, above the 915 ◦C cation ordering T and annealed for 1
min at 600 ◦C, below the cation ordering T, the corresponding T
range is 255–150 ◦C equivalent to the Curie Ts of the compositions
Ilm 52.5–63. For a sample of bulk composition Ilm 61 annealed for
a few seconds, as in fig. 10 of Fabian et al. (2011), this T range,
220–175 ◦C, equivalent to the Curie Ts of the compositions Ilm
56–61, was referred to as the ‘self-reversal T ’, which we redefine
here.

The T ranges over which the self-reversal is ‘pre-destined’, 285–
250 ◦C for B-06, and 255–150 ◦C for B-20, correspond in Curie Ts
to the composition ranges Ilm 49–53, and Ilm 52.5–63, which are
distinctly more Fe-rich than the Ilm 60 and Ilm 65 bulk composi-
tions, respectively. This provides the argument that Fe-enrichment

along phase-domain boundaries, commonly in antiphase relation-
ship, ‘pre-destine’ the future of self-reversal at Ts distinctly above
the Curie Ts of the bulk samples. The larger T range for B-20
compared to B-06 indicates a larger variation in the degree of Fe-
enrichment along the domain boundaries. The ‘pre-destination’ T
is equivalent to the blocking T of the ‘x-phase’ in the conventional
terminology used in self-reversal models.

2.2 Cooling curves

In cooling-curve experiments (Figs 2a and b), the sample was heated
to 350 ◦C and then cooled slowly in a weak field of 0.5 mT, with
the magnetization measured at 5 ◦C intervals, allowing 10 or 20
s for thermal equilibration between measurements. At Ts close to
the supposed ‘self-reversal T ’, the measured remanence was very
close to zero, implying antiferromagnetic behaviour. At slightly
lower T on the cooling curves of Figs 2(a) and (b), there was a
sharp increase in magnetization, proceeding to substantial values
with continued cooling, so that a Curie T could be estimated by
conventional means, here indicated ‘TC’. The sharp rise of positive
magnetization tailed off to a broad peak (‘TMAX’) and then began to
fall. First observations suggested the beginning of negative magne-
tization was occurring, and this also was temporarily identified as
the ‘self-reversal T ’ (Fabian et al. 2011). This is commonly more
than 100 ◦C lower than the ‘pre-destination T ’ described here for
the ‘switching-T ’ experiments. With further cooling, the positive
net magnetization progressively decreased, reaching 0, and contin-
ued to decrease to a very negative value by RT, resulting in a net
self-reversed magnetization.

To a first approximation we can now identify four significant
Ts in these materials with progressive cooling: (1) The T that de-
termines the self-reversed remanence acquired on cooling to RT,
here called the ‘magnetic pre-destination T ’ or ‘TPD’. This T or,
more commonly, T range, controls the final magnetic destiny, even
though the bulk magnetization at this stage is very weak. We show
that this T range is intimately associated with phase-domain bound-
aries and/or antiphase domain boundaries (APBs) in this material.
The ‘PD’ in the name can equally be related to ‘phase domain’.
(2) A T that corresponds to a TC at the onset of positive magne-
tization of a significant fraction of ferrimagnetic material. (3) A
T at the positive maximum (TMAX) for the thermal curve, a point
where negative magnetization begins to overwhelm the previously
acquired positive magnetization. This is not a ‘self-reversal T ’ for
several reasons. Some antiphase domains (APDs) already acquired
negative magnetization at a higher T, but not enough to overwhelm
the positive magnetization acquired earlier. This is not where the
net magnetization becomes negative, only where it begins the trip
towards final domination, that is, TMAX. (4) At a much lower T the
magnetization passes a value of zero, and enters the region of ‘true
self-reversal’, with the magnetization continuing towards even more
negative values with further cooling to RT. We suggest that the T,
where the curve crosses zero, so that bulk reversal is acquired, be
called the ‘zero magnetization T ’, or ‘TZM’. These T s are shown in
Figs 2(a) and (b).

For B-06, the entire T PD range, derived in Fig. 1(a), lies ∼10 ◦C
above T C, at a T where net magnetization is very weak. For B-20, the
entire T PD range, derived in Fig. 1(b), begins ∼60 ◦C above TC, at a
T where net magnetization is very weak, but extends downward to
just above TMAX. This is interpreted to reflect the variety of compo-
sitions along Fe-enriched domain boundaries, so that self-reversed
magnetization began early in some places along these boundaries,
and at much lower temperature in others.
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Fine structure of self-reversed TRM 3

Figure 1. Results of switching-T experiments for samples B-06 and 20. Each point on the graphs represents remanence in µT measured at RT at the end of a
single cooling experiment beginning in a field of –0.5 mT at 350 ◦C followed by switching to a field of +0.5 mT at the indicated T. For sample B-06 resulting
remanence was ∼ –1.7 µT where switching was 285 ◦C and above (self-reversal in a positive field), and ∼ +1.7 µT where switching was 250 ◦C and below
(self-reversal in a negative field). For sample B-20 resulting remanence was ∼ –1 µT where switching was 255 ◦C and above, and ∼1 µT where switching was
150 ◦C and below. Where the switch was done at intermediate Ts, some compositions in the sample magnetized in a negative field and others in a positive field
yielding an intermediate remanence at RT (see text for implications).

Fig. 2(c) shows the results of a different cooling experiment
made on sample B-06. Here, at each temperature, beginning 350 ◦C
(623 K), and extending down to 10 K in steps of 2 K, a magneti-
zation curve between H = 0 and 5 mT in steps of 0.2 mT was
measured. From quadratic least-square fits of the data to the equa-
tion f (H) = m + χH + bH2, it is at each temperature possible
to determine both susceptibility (χ ), and remanence (m). The re-
manence curve imitates most of the general features of Fig. 2(a),

that shows magnetic moment within the inducing cooling field,
combining susceptibility and remanence. The comparison confirms
that indeed remanence dominates the induced signal. The curve of
susceptibility in Fig. 2(c) shows a steep upward rise at 240 ◦C, cor-
responding to the point marked TC in Fig. 2(a), and a local peak
at about 222 ◦C. The curves of Figs 2(a) and (b), and the rema-
nence curve in Fig. 2(c) all show a strong downward increase in
negative magnetization or remanence, a phenomenon not yet fully
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4 P. Robinson et al.

understood. In Fig. 2(c) this continues down to about 30 K, where
slope changes in both χ and m suggest phenomena we have re-
ported earlier (Robinson et al. 2010) that are possibly related to
low-T magnetization of ilmenite-like clusters in the solid solution.

Similar cooling curves have been published earlier. Prévot et al.
(2001) show curves for natural samples from Pinatubo Volcano
(their fig. 3), one for the rock containing significant magnetite, and
one for a separated hemo-ilmenite single crystal, where they esti-
mate a bulk composition X = 0.53. Using our terminology, TC is
∼240 ◦C, TMAX ∼ 200 ◦C and TZM ∼ 140 ◦C. TC = 240 ◦C implies
that a significant fraction of the sample has composition X = 0.54
or greater. Lagroix et al. (2004) show two curves for X = 0.70
samples (their fig. 8) originally studied in TEM by Nord & Law-
son (1989), Q1300 quenched from 1300 ◦C, and Q1050 quenched
from 1050 ◦C. Q1300 provides excellent evidence for self-reversal
though the drawing scale makes temperature picks difficult. Q1050,
containing a much better developed quench microstructure, shows
TC ∼ 107 ◦C, TMAX ∼ 92 ◦C and TZM ∼ 62 ◦C. TC = 107 ◦C implies
that a significant fraction of the sample has composition X = 0.67
or greater.

2.3 Hysteresis loops at T

Hysteresis loops (Fig. 3) were measured on sample B-06 during
a sequence involving initial heating from RT (30 ◦C) to 350 ◦C
and then cooling in a field of +0.5 mT to 280 ◦C where the first
hysteresis loop was run. The sample was then cooled successively, in
the absence of an applied field, to Ts of 240, 220, 200, 180, 140, 120,
100, 80, 60, 40 and 30 ◦C, where hysteresis loops were measured.
Seven of these are shown in Fig. 4 and their Ts are marked on the
cooling curve of Fig. 2(a). A second sequence of loops (not shown)
was measured with cooling in a field of +0.5 mT. Surprisingly,
the general loop shapes are not dramatically different than those in
Fig. 3, though with slightly shifted positions due to remanence. This
suggests that initial remanence, induced in the TPD range, controls
most of the subsequently acquired remanence. The values labelled
Ms in each panel are the intercepts on the vertical axis in a field
of +1 T and are simply for comparative purposes. This material
is very far from saturated in a 1 T field. However, the value Ms

provides a guide to the increasing amount of magnetization induced
by a 1 T field with progressively lower TS. This is in contrast to
Mr (remanence), which increases to a T of 170 ◦C, decreases to
zero between 60 and 80 ◦C, then increases again (negative values)
at still lower T as shown in Fig. 2(c). For each loop except 280 ◦C,
inflection points (black dots) were calculated from the average of
the upper and lower branches. The loops mainly reflect the APD
microstructure and interface interactions at each T.

The loop at 280 ◦C is essentially straight. Any ferromagnetic mo-
ment would be less than 15 nAm2 and not detectable at this enlarged
vertical scale. It lies near the upper limit of the TPD range at 285 ◦C
(Fig. 1a) suggesting that a very small fraction of the sample has a
composition adequate to acquire a very weak ferrimagnetic moment
at this T, whereas the bulk of the sample is either paramagnetic or
close to being antiferromagnetic.

The loops at 220, 200 and 180 ◦C are on the rising part of the
cooling curve of Fig. 2(a). This shows that the magnetization of
the ferrimagnetic component at these Ts aligns positively with the
previously applied field, thereby adding to the weak component as
shown by the TPD curve at higher T. Henceforward, this is referred
to as a positive ferrimagnetic component. In this interval Hc, Mr

and Ms all increase together. At 220 ◦C the inflection points are

far apart, but they converge quickly with falling T to 200 ◦C and
remain similar at 180 ◦C. This is interpreted as due to rapid increase
in importance of the positive ferrimagnetic component. Outside the
inflection points in all three, the slight tendency to slope flattening
likely continues to higher fields.

The loops measured at 140, 100 and 60 ◦C are below TMAX, where
self-reversed magnetization on the cooling curve of Fig. 2(a) starts
to outweigh the antiferromagnetically coupled positive magneti-
zation. The central opening, already widening at 180 ◦C becomes
progressively still wider in the steps towards 60 ◦C, indicating in-
creasing antiferromagnetic coupling between the initial positive fer-
rimagnetic component and the self-reversed ferrimagnetic compo-
nent as shown on the cooling curve. Following the 180 ◦C loop,
the subtle calculated inflection points move progressively outward
with falling temperature at 140 ◦C to 30 ◦C. Inside the inflection
points these four loops show unusual steepening in slope, not a
tendency towards saturation, undoubtedly related to APDs with op-
posed magnetizations. In the interval 140 ◦C to 60 ◦C, Mr decreases
progressively, consistent with progressive subtraction of negative
from positive magnetization to TZM, while Ms continues to increase
consistent with falling T. In the last loop at 30 ◦C, below TZM, Mr

starts to increase again because negative magnetization has come to
dominate.

The loops at 60 and 30 ◦C, both show a positive exchange bias, as
well as a larger opening in the negative than in the positive quadrant.
While it is not easy to estimate the local field strength when the
remanence was acquired in this sample, the positive hysteresis shift
at both temperatures is the same as predicted from cooling in a
positive field in magnetic models we constructed (Robinson et al.
2012b) and the same as measured by Meikeljohn & Carter (1959).

An intriguing feature of the thermal sequence in Fig. 3 is that
it mimics sequences we have recorded at RT involving changes in
composition Ilm 60–65–70, in quench time, and in annealing time.
Here the lowest-T curves are like RT curves for poorly evolved
Ilm 60 samples, where the inflection points are widely separated,
and highest temperature curves mimic RT curves for somewhat
more evolved Ilm 65, 70 samples, where inflection points are much
closer to the origin. In both data sets the inflection point positions
are significant. Concave-down curvature in the positive field quad-
rant implies movement towards saturation in progressively higher
fields. Concave-up curvature implies an inhibited rotation of pos-
itively magnetized domains as negative domains are magnetized.
This onset of oppositely coupled magnetization creates an asym-
metric hysteresis difference caused by a movable or changeable
magnetic microstructure (described in detail by Robinson et al.
2012b, their fig. 10). Present results imply that, as a greater pro-
portion of self-reversed magnetization is established with falling T,
there is a large increase in the potential for magnetic microstructures
that need to be moved against the force of normal antiferromag-
netic interface interactions, in order to establish positive magneti-
zation. The magnetic microstructures create a higher resistance to
saturation.

Similar loops are given by Lagroix et al. (2004, their fig. 2)
for their X = 0.70 samples Q1300 and Q1050 (see above) at 170,
150, 110–115, 90 and 30 ◦C. Their 170 ◦C and 150 ◦C loops are
similar to our 280 ◦C loop. Their lower T loops show an increasing
importance of ferrimagnetism, but none of the loops shows the
regions of increasing slope, that we attribute to microstructures with
increasing resistance to saturation, shown by our X = 0.60 sample
B-06. In our range of experiments this property is found only in
samples of composition X = 0.60, and not in X = 0.65 or 0.70.
Likely chemical ordering is more sluggish for X = 0.60 than for
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Fine structure of self-reversed TRM 5

a

b

c

Figure 2. Results of cooling experiments on samples B-06 and B-20. Panels (a) and (b) show magnetic intensity in M (Am2 kg–1), measured in a field of 0.5
mT, beginning at 350 ◦C with measurement increments of 5 ◦C after 10 or 20 s pauses. Intensity includes both remanence and induced magnetization from
the weak positive field. The latter adds a small positive component to the magnetization, but curve shape is mainly controlled by remanence. See text for
explanation of TPD, TC, TMAX and TZM. Panel (a) shows temperatures of hysteresis loops in Fig. 3. Panel (c) shows results of a different cooling experiment on
B-06 in which susceptibility and remanence were determined independently by stepwise cooling from 350 ◦C down to 10 K in steps of 2 K, using two different
instruments. At each step a magnetization curve from H = 0 to 5 mT was measured as explained in the text.
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6 P. Robinson et al.

more Ti-rich compositions, so that magnetically significant quench
microstructures are more easily formed and less easily annealed
away. We suspect that this property of hysteresis loops may be
found for some Ilm 65 and 70 samples, when run below RT, where
there would be a greater proportion of self-reversed magnetization.

2.4 Analysis of high-T measurements of susceptibility
and remanence

In connection with the cooling curve (Fig. 2a) and thermal hys-
teresis loops (Fig. 3) for sample B-06, an analysis was made of the
measurements of magnetic susceptibility and remanence in Fig. 2(c)
in the T range 350–200 ◦C. Fig. 4(a) shows inverse susceptibility
versus T. Because the Curie–Weiss law predicts a linear slope of 1/χ
at high temperature, we interpret the observed curved behaviour as
an effect of variable composition and approximate it by three differ-
ent slopes. The changes in slope at ∼290 and ∼245 ◦C correspond
approximately to the upper and lower limits of the TPD range as
shown in Fig. 1(a). The susceptibility peak indicates the predomi-
nant Curie T at 222 ◦C, ∼18 ◦C lower than TC marked at 240 ◦C on
Fig. 2(a), which, based on total magnetization, is biased towards the
upper end of the Curie T spectrum in the mixture. Fig. 4(b) shows
remanence. The onset of remanence acquisition, initially very weak,
corresponds to the upper limit of the TPD range at ∼285 ◦C.

2.5 Monte Carlo simulation of microstructure
and cooling curve

The chemical and magnetic properties of rapidly cooled ferri-
ilmenite solid solutions have been investigated extensively using
atomistic computer simulations (Harrison et al. 2005; Harrison
2006; Robinson et al. 2012a). Cooling through the R3̄c to R3̄
phase transition leads to the formation of fine-scale cation-ordered
domains. Adjacent domains have an antiphase relationship with
each other; an Fe-rich layer becomes a Ti-rich layer on crossing
the domain boundary, and vice versa. In order to highlight this re-
lationship, domains and their boundaries are referred to as APDs
and APBs, respectively. Fig. 5 shows the results of a Monte Carlo
simulation of a 48-layer supercell of Ilm 70, containing two APBs
(Harrison 2006). The degree of cation order is defined by the order
parameter:

Q = N B
Ti − N A

Ti

N A
Ti + N B

Ti

,

where N A
Ti and N B

Ti are the number of Ti4+ cations on A and B layers,
respectively. Q can vary continuously from 0 to ±1, with Q = 0
representing a fully disordered state, and Q = 1 and –1 represent-
ing fully ordered and fully anti-ordered states, respectively. Fig. 5(a)
shows the variation in Q throughout the simulation cell. Normally Q
is considered in relation to two adjacent layers, and is not normally
calculated for a single layer. However, magnetic interactions in each
central layer take place mainly with half the atoms in the two neigh-
bouring layers, thus achieving a total of two layers, from which a Q
representing each layer can be calculated. On the left (cation layers
0–18) is an ordered domain with a high degree of cation order with
Q approaching 0.9. On the right (cation layers 20–44) is an anti-
ordered domain with Q approaching –0.75. APBs occur as Q passes
through 0. During the chemical simulation at high T, the well or-
dered domain grows at the expense of the less well ordered domain,
as shown by the arrows in Fig. 5(a). The corresponding variation in
chemical composition throughout the simulation supercell is shown

in Fig. 5(b). Again, as with Q, the values are averages between
each central layer and half the atoms in the adjacent layers. Thus,
a sawtooth pattern, as one would expect to see with alternating Ti-
and Fe-rich individual layers, is not seen. The growing Ti-rich A-
ordered domain on average reaches X = 0.80, whereas the shrinking
Fe-rich B-anti-ordered domain reaches X = 0.68–0.64. Antiphase
boundaries are Fe-enriched reaching X = 0.57. Fig. 5(c) shows the
temperature dependence of the spontaneous magnetization of the
simulation during cooling. All chemical changes occur at Ts above
350 ◦C, so the details of the cooling curve reflect the presence of
compositions and microstructures produced outside the figure. The
simulation compares favourably with the experimental observations
(Figs 2a and b). Magnetic order first develops on cooling in the Fe-
rich APBs. Given the disordered nature of the APBs, they are nearly
antiferromagnetic and do not contribute greatly to the net moment.
Magnetic order spreads on further cooling into the B-ordered do-
main that was shrinking. The low degree of cation order in this
shrunken domain gives rise to a small positive net moment. As
magnetic order spreads with further cooling into the A-ordered do-
main that was growing, the net ferrimagnetic moment decreases and
eventually fully reverses. The origin of the reversal can be seen in
the layer-by-layer spin profile obtained at 25 K in Fig. 5d). Positive
and negative values alternate throughout the model in perfect anti-
ferromagnetic interaction, even though the net magnetic moment is
negative to the left and positive to the right across a chemical APB.
Due to the antiphase relationship between adjacent domains, the
ferrimagnetic moment of the well ordered A-domain is antiparallel
to that of the less well ordered B-domain and considerably larger
in magnitude. This illustrates a magnetically compatible p-domain
in the terms of Robinson et al. (2012b) with no magnetic walls.
Application of a strong magnetic field, causing reversal of the net
moment in part of the model, would create a magnetic q-domain and
a magnetic wall. Because of the Ilm 70 bulk composition, as well as
different microstructure, as compared to Ilm 60 and Ilm 65 in Figs
2(a) and (b), full negative magnetization (TZM) is not attained until
T < 0 ◦C.

2.6 TEM observations

We were unsure about possible thermal effects on degree of order
caused by ion-thinning techniques used in preparation for TEM
observations. For this reason only crushed grains mounted on grids
were used, with consequent uncertainty about grain thickness, in
turn relating to interpretation.

Results of TEM observations on samples B-06 and 20 are shown
Fig. 6. Panel (a) of each shows a dark-field image taken through the
003 reflection of the Fe-Ti ordered phase. The intensity observed
in the dark-field image is proportional to the local value of Q2 inte-
grated through the thickness of the sample. Hence it is not possible
to distinguish between ordered (Q > 0) and anti-ordered (Q < 0)
domains. However, it is possible to see relative variations in the
overall degree of cation order. Light areas are locations where a
high degree of order exists throughout the thickness of the section.
Dark areas are locations dominated by either poorly ordered or dis-
ordered domains with lower values of Q2. Line (001) indicates the
orientation of the (001) plane and shows that the dominant orienta-
tion of phase interfaces is at angles of 17–34 ◦ from (001) in sample
06, and at angles of 20–28 ◦ from (001) in sample 20. Panel (b)
of each shows a similar dark field image at higher magnification.
Maximum size of more-ordered domains is ∼4 nm in B-06, ∼7 nm
in B-20. Panels (c) show diffraction patterns of the samples taken
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Fine structure of self-reversed TRM 7

Figure 3. Hysteresis loops were measured on sample B-06 in a maximum field of 1 T after first heating to 350 ◦C, then cooling in a field of +0.5 T to 280 ◦C
for the first loop, then cooling in absence of an applied field to Ts of 220, 200, 180, 140, 100, 60 and 30 ◦C as indicated on Fig. 2(a). Dots and numbers indicate
inflexion point locations in T calculated from average of lower and upper branches. The weight-normalized vertical scale is M (Am2 kg–1) and the horizontal
scale is in T.

 at N
orges G

eologiske U
ndersokelse on January 17, 2014

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/
http://gji.oxfordjournals.org/


8 P. Robinson et al.

Figure 4. Results of thermal experiments on sample B-06 on cooling in
fields of 0–5 mT in the range 360 to 240 ◦C. (a) Inverse susceptibility.
Changes of slope ∼290 and ∼245 ◦C identify approximately the TPD range
shown in Fig. 1(a). Maximum susceptibility at 222 ◦C is where quantitatively
significant ferrimagnetization is established, 18 ◦C lower than TC as marked
in Fig. 2(a). (b) Remanence. Onset of remanence acquisition corresponds to
the upper limit of the TPD range in Fig. 1.

with the electron beam parallel to the (110) zone axis with indexed
reflections and orientations of the (001) plane. Panels (d) show en-
hanced images of a section of panel (a), outlined by dashed lines,
emphasizing gradients between Fe-Ti ordered regions. The gradi-
ents have been calculated using a Gaussian gradient with two pixels
radius. Darker colours indicate larger gradients. The grey scale has
then been adjusted by changing contrast and brightness.

A general conclusion from TEM results is that these samples
are dominated by a mixture of poorly ordered/disordered regions
containing ordered domains of widely different sizes less than 4 and
7 nm, respectively. The TEM is incapable of detecting the difference
between better ordered and better anti-ordered material, which likely
occurs in roughly equal amounts overall. There may be locations
where ordered and anti-ordered domains occur across anti-phase
domain boundaries, however these cannot be distinguished here.

2.7 Significance of experiments, simulation and TEM

The magnetic experiments are presented in a general way to un-
derstand the chemical and magnetic background that could lead
to conditions providing the four different temperatures discussed
above. Initially this involves the exploration of the detailed chemical
make-up of the APBs, because that chemistry, all created during
quench and annealing at high T, is what determines the ultimate
magnetization Ts involved in the magnetic experiments. Key in-
sights into that chemistry provided by the Monte Carlo simulations

of Harrison (2006) were known but not fully appreciated until re-
cently. Some of the magnetic data, coupled with the TEM, can be
used to make estimates of the composition distribution within the
quenched and annealed samples. Samples with different thermal
histories provide rather large variations in the detailed magnetic
results. These will be explored in detail in later articles, but many
exhibit most of the features discussed above. The TEM images
of the two samples, suggest that at least these two consist dom-
inantly of poorly ordered/disordered material with low Q values
embedded with small ordered and anti-ordered domains of dif-
ferent sizes with higher Q values. It is impossible to prove or
disprove the presence of anti-phase domain boundaries, which
are significant, but not required for self-reversed thermoremanent
magnetization.

3 C O M P O S I T I O N WAV E S N E A R A P B s :
R E L AT I O N T O A C Q U I S I T I O N O F
S E L F - R E V E R S E D T H E R M O R E M A N E N T
M A G N E T I Z AT I O N

3.1 Keys to chemical evolution

The introduction referred to earlier theoretical studies concerning
chemical evolution during quench and annealing. We now under-
stand that these provide the key to the high- T ‘pre-destination T ’
and other features in the thermal experiments. Rather than expand
further on the theory here, we give an intuitive and practical exam-
ple of a chemical model that predicts magnetic results in reasonable
agreement with the experiments.

3.2 Conceptual chemical model of phase interface region

Fig. 7 shows a sequence of thirty rhombohedral Fe-Ti oxide layers
with various compositions and Q values, where Q is the Ti order
parameter (TiA – TiB)/(TiA + TiB) ranging from +1 (perfect order)
through 0 (perfect disorder) to –1 (perfect anti-order).1

When the compositions of all layers are averaged, the result is
exactly Ilm 60. To the left (pink layers 1–10) is a region of ordered
ferri-ilmenite in the composition range Ilm 50–57.5 and Q = +0.20
to 0.60, within a domain that has undergone Fe-enrichment rela-
tive to the initial bulk Ilm 60. The ferrimagnetic moment of these
layers is determined by the difference in magnetic moments (here
calculated ideally at 0 K) between Fe2+ ions in the Fe layers and
Fe2+ ions in the Ti layers, which ranges from +0.40 to +1.38 Bohr
magnetons (µB) per formula unit (pfu). Note that Ilm content, Q
value, and net magnetic moment all decrease approaching the phase
boundary. Next to the right, in succession occur a contact layer (11,
red-orange), two disordered layers (12,13, yellow), and a second
contact layer (14, violet) that constitute the key parts of an anti-
phase boundary between A-ordered and B-anti-ordered regions.
These are consistent with previous models (Robinson et al. 2012a)
indicating that a contact layer has a composition that is an average
of a disordered layer and the nearest Fe-layer in the adjacent ordered
phase. Contact layer 11 has composition Ti0.225 Fe2+

0.275 Fe3+
0.50,

and a net moment with the adjacent disordered layer of +0.1 µB.
Contact layer 14 has composition Ti 0.21125 Fe2+

0.32625 Fe3+
0.4625, and

1
The use of A and B here is traditional to refer to the first and second
layer of a consistently ordered multilayer sequence. Unfortunately, this can
be confused with a different traditional terminology for A-ordered and
B-anti-ordered regions where A and B have a different meaning.
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Fine structure of self-reversed TRM 9

Figure 5. Results of a Monte Carlo simulation originally described by Harrison (2006) using a model 48-layer supercell of composition of Ilm 70, cooled
through the R-3C to R-3 Fe-Ti ordering transition. When stopped, the simulation had produced a growing Ti-rich A-ordered domain and a shrinking Fe-rich
B-anti-ordered domain separated by two antiphase boundaries. (a) Record of calculated Q values for the 48 layers. (b) Record of calculated X Ilm for the 48
layers. (c) Synthetic magnetic cooling curve for the arrested Monte Carlo chemical simulation. (d) Magnetic spin in Bohr magnetons modelled at 25 K for
each of the 48 layers. These are not averages as in (a) and (b) but individual layer values.

a net moment with the adjacent disordered layer of –0.1175 µB. Be-
cause the contact layers have higher Fe content than the disordered
layers, the mean interlayer Fe count registered in the upper part of
Fig. 7 is the highest in the model.

To the right of the APB, the model now moves into a (blue)
region of Fe depletion. Here we assumed that, during APB motion,
the Fe-depletion is greatest away from the APB, where ordering was
initiated, and is progressively less as the APB is approached, marked
by rising Fe total in the layers. Q values are most negative (most
anti-ordered) away from the boundary and approach zero towards
the boundary. The layers range in composition from Ilm 57.5 to Ilm
70 with Q values decreasing from −0.40 to −0.80, and net magnetic
moments at 0 K from –0.92 to –2.24. Note that this ordered domain,
having a higher average degree of cation order, would appear lighter
than the one on the left in a dark-field TEM image taken with the
003 reflection (Fig. 6). We considered a slightly different model in
which the most Fe-impoverished layers form a moat adjacent to the
APB, but do not discuss it here. In both progressions away from
the APB, composition changes lower the Curie Ts, but increase the
absolute magnetizations, while increasing Q values also increase
the magnetizations.

We pause here to point out that the contact layer concept, strongly
supported by studies of true exsolution between near-end-member
hematite and ilmenite, is not an absolute requirement here. Indeed,
one may question how a single atomic layer might contain enough
atoms to achieve an average randomly chosen intermediate com-
position. The presence or absence of contact layers is not a serious
issue when it comes to the magnetic effects of Fe-enriched compo-
sition waves with low or no chemical order. If one accepts contact

layers, as in Fig. 7, then the theoretical minimum thickness for an
APB is four atomic layers or ∼0.9 nm.

Overall, as illustrated by total Fe content in the upper part of
Fig. 7, the composition profile has the shape of a breaking wave,
with, however, the steep side in the direction of retreat rather than
advance, as with a wave approaching a beach. Assuming that the
chemical profile shown here can be obtained by the proposed mech-
anisms during quench, with or without annealing, we trace the pro-
gressive thermal magnetization, magnetic coupling and theoretical
progress of magnetic moments within the model.

3.3 Magnetization Ts

To a first approximation, magnetization Ts in the hematite-ilmenite
series are proportional to the total amounts of Fe2+ and Fe3+ in
the alternating layers, where the theoretical magnetic moments at
0 K are 4 and 5 µB, respectively. The top chart in Fig. 7 shows the
averaged total Fe content for pairs of layers. The top line of composi-
tions is for pairs having the same Fe3+ content; the lower line shows
averages for pairs of layers with different Fe3+ contents. There is ar-
gument as to whether the magnetization T is slightly higher or lower
in ordered phases as compared to the disordered phases. Taken to-
gether, the common results lie on a nearly straight line (Ishikawa
& Akimoto 1957), where order could produce differences of only
2–5 ◦. With this understanding, we assign magnetization Ts to each
of the parts of Fig. 7. Derived magnetization Ts for several compo-
sitions are marked on the right-hand side, and all are indicated in
Fig. 8(a).
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10 P. Robinson et al.

Figure 6. Results of TEM investigations on B-06 (A) and B-20 (B). Panels (a) show dark field TEM images taken through the 003 reflection of the Fe-Ti
ordered phase. Panels (b) show similar dark field images at higher magnification. Panels (c) show diffraction patterns, indexed reflections and orientations of
(001) plane. Panels (d) show enhanced images of parts of (a) outlined by dashed lines emphasizing gradients between Fe-Ti ordered regions.

3.4 Theoretical thermal magnetization profile

The magnetization Ts and theoretical magnetic moments of pairs
of layers, are charted in Fig. 8(a). The intensities used take no
account of the actual thermal effects on intensity, but are based

on the theoretical values of magnetic moment at 0 K, expressed
as Bohr magnetons. Fig. 8(a) has only a qualitative relationship
to the cooling curves of Figs 2(a) and (b). The effects of T in
reducing intensity between absolute zero and the Curie Ts for each
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Fine structure of self-reversed TRM 11

Figure 7. Thirty-layer model of the interface between a shrinking small Fe-rich ordered domain to the left (pink layers) with positive Q values, and a growing
large Fe-impoverished B-anti-ordered domain to right (blue layers) with negative Q values, separated in the centre by contact layers and two disordered layers
(yellow). Each layer composition column shows the Fe3+ content at the bottom, then the Fe2+ content, with Ti content represented by white at the top. Fe2+
layers are shaded darker than Ti layers. Fe2+ and Ti content of layers is allocated according to Q value. The graph at the top charts the average total Fe contents
of all pairs of layers, illustrating the shape of the resulting asymmetric composition wave. The movement direction of the wave during arrested chemical
evolution is indicated.

composition are modelled in Fig. 8(b), based on a theoretical curve
of magnetic intensity versus T for hematite (Harrison 2006).

The initial magnetization in a weak positive field takes place
at 277 ◦C for the Ilm 50 compositions of the two disordered lay-
ers, the two contact layers and two layers of weakly ordered Ilm
50 with Q = +0.20 on the APB. The net magnetizations of these
(expressed as ferrimagnets in µB) are 0, +0.1, –0.1175 and +0.4,
respectively, giving a net moment +0.3825. At this T contact layers
on both sides of the APB are magnetized with + and – magne-
tizations, and these magnetizations provide the local ‘pre-destiny’
for all that is to follow, even though the initial magnetizations are
very weak. To the left-hand side in Fig. 7 there follow one four-
layer step, and one two-layer step with Ts, compositions, Q values,
magnetizations and progressive magnetic sums: 246 ◦C, Ilm 53.5,
Q = +0.40, +1.7136 µB, +2.0961 µB; and 217 ◦C, Ilm 56.5,
Q = +0.50, +1.1304 µB, +3.2265. The last step to the left at
205 ◦C involves two layers Ilm 57.5, Q = +0.60, +1.38 µB, and,
to the right, two layers Ilm 57.5, Q = –0.40 and –0.92 µB, giving
a magnetic sum of +3.6865 µB. Charted magnetization begins to
drop beyond this point. Note that the total theoretical magnetiza-
tion here is already composed of dominant positive components,
and also a negative component. Beyond this there is no further

composition to add to the positive magnetization from layers to the
left of the APB in Fig. 7, and all additional magnetization is from
progressive negative magnetization from layers on the right side of
the APB.

Next are two two-layer steps and one four layer step, with Ts,
compositions, Q values, magnetizations and cumulative magnetiza-
tions as follows: 150 ◦C, Ilm 63, Q = –0.60, –1.512 µB, +2.1745
µB; and 124 ◦C, Ilm 66, Q = –0.65, –1.716 µB, +0.4585 µB;
105 ◦C, Ilm 68, Q = –0.70, –3.808 µB, –3.3495 µB. Here, for
the first time, there is a net negative self-reversed magnetization,
suggesting a ‘TZM’ on the chart near 120 ◦C. An additional four-
layer step and one two-layer step with Ts, compositions, Q val-
ues, magnetizations and cumulative magnetizations are as follows:
87 ◦C, Ilm 69.5, Q = –0.75, –4.17 µB, –7.5195 µB; 82 ◦C, Ilm 70,
Q = –0.80, –2.24 µB, –9.7595 µB.

In this theoretical chart all layers are now magnetized and no fur-
ther changes are possible, but in real magnetic experiments, falling T
has magnetic effects far below the theoretical Curie T. Considering
these limitations, this simple conceptual magnetic model, involving
only a few layers, compared to millions in the real material, pro-
vides a remarkably good template to understand what has actually
happened in these experiments.
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12 P. Robinson et al.

Table 1. Layer compositions, Q values, magnetization temperatures and magnetic moments portrayed in Figs 7, 8(a)
and (b).

The template for progressive magnetization of Fig. 8(a) is devel-
oped in Fig. 8(b) to reflect the fact that magnetizations are negli-
gible near the respective Curie Ts, then ramp up rapidly, and then
rise more slowly until reaching the theoretical maximum value at
0 K. The thermal profile used in estimating this progress of total
magnetic intensity with falling T is one based on hematite (Har-
rison 2006). The resulting thermal curve is better at matching the
character of the experimental cooling curves of Figs 2(a) and (b),
with a TPD at 277 ◦C, TC ∼ 220 ◦C, T MAX ∼ 140 ◦C and T ZM at
85 ◦C. Although the experimental cooling curves are measured in
a positive inducing field of 0.5 mT, and the induced magnetiza-
tion contributes positively to the total magnetization, it does little
to change the shapes of the curves, which are controlled by the
abundances of the layers in any model and the details of how the
remanence is acquired.

The upward concavity of the theoretical magnetization curve at
low T compared to the striking downward concavity in the ex-
perimental curves of Figs 2(a)–(c) points to a common property
of interfaces in these materials. This downward concavity in the
experiments may suggest that some layers that acquire a positive
magnetization at higher T, are forced at progressively lower Ts
into self-reversal by material adjacent to APBs. It should be pos-
sible to incorporate this into a layer model, but perhaps not one
with so few layers. We also have no control on the T and do-

main sizes by which such theoretical ‘forced self-reversal’ might
occur.

Table 1 provides a list of the layers in Fig. 7 with their com-
positions, Q values, TC and theoretical magnetizations at 0 K. It
also provides the cumulative magnetic moments based on 0 K as
in Fig. 8(a), and cumulative moments based on a thermal model
as in Fig. 8(b). Finally, comments are provided linking the syn-
thetic cooling curve Fig. 8(b) with the real cooling curves of
Figs 2(a) and (b).

3.5 Summary of progressive magnetization of Fig. 7
as illustrated in Fig. 8(b)

(1) Fe-rich compositions near Ilm 50 (including weakly ordered
material) mark the onset of magnetization at high T—the pre-
destination point. Near this, in a positive magnetic field, the Fe-
rich side of the APB acquires a positive magnetization, leading to
progressive positive magnetization of the adjacent Fe-enriched do-
main, but a weak negative magnetization is also acquired on the
Fe-impoverished B-anti-ordered domain side. Note that in the sim-
ple profile of Fig. 8(b) all pre-destination takes place below one T of
277 ◦C. This differs strikingly from the TPD range in experimental
samples, reflecting the fact that the chemical waves in experimen-
tal samples are not of uniform height or composition range. In the
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Fine structure of self-reversed TRM 13

Figure 8. (a) Chart showing progressive magnetic acquisition Ts of the layers in Fig. 7, magnetic moments of constituent pairs of layers calculated at 0 K, and
cumulative net magnetic moments of the layers as the magnetization Ts are reached with falling T. The layer magnetic moments are colour coded according to
their general colours in Fig. 7. This is not a cooling curve because magnetic moments calculated at 0 K are represented as applying at the Curie T. (b) Synthetic
cooling curve for the layer model of Fig. 7. Colour coding of calculated moments the same as in (a). Magnetic intensity for each layer is calculated in terms of
a magnetic fraction based on the thermal difference at any temperature between the Curie T of the layer and 0 K. This magnetic fraction is 0 at the Curie T and
reaches 1.0 at 0 K. The layers of Fig. 7 provide only a single TPD, not a range, which would involve more varied wave chemistry as suggested for Figs 2(a) and
(b). TC, TMAX and TFR have similar significance as in Figs 2(a) and (b).
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14 P. Robinson et al.

samples, one probably needs to be thinking in terms of ‘block-
ing’ rather than simply assuming that stable remanence is acquired
immediately on cooling below Curie Ts of regions only a few layers
thick. The blocked Fe-rich ‘x-phase’ is identified as the crests of
waves, and the range of TPD may be due to a range of blocking
temperatures due to variations in composition but also probably to
variations in the width/connectivity of the Fe-rich crests.

(2) Positive magnetization expands through the Fe-rich A-
ordered domain in compositions Ilm 53.5–57.5 until it is all magne-
tized below 205 ◦C. Near this T, negative magnetization also begins
to grow in layers within the B-anti-ordered domain with Ilm 57.5
composition. Initially this negative magnetization is weak compared
to the positive magnetization that began at higher temperature, but,
with falling T, this makes a progressively larger share and magne-
tization of compositions Ilm 57.5 and Ilm 63 begin to take over at
T MAX ∼ 140 ◦C.

(3) Additional negative magnetization is acquired in the Fe-poor
B-anti-ordered domain in compositions from Ilm 66 to 70, with

increasingly negative Q values. These strong negative contributions
to magnetization grow, so that this net magnetization eventually
dominates with falling T, passing ‘T ZM’ at 85 ◦C, the temperature
where net magnetization passes a value of zero.

3.6 Charge balance at phase interfaces

Earlier (Robinson et al. 2012a) we showed that there is charge
imbalance at interfaces between ordered and anti-ordered phases
of identical composition. This can be reduced but not eliminated
by placing ‘contact layers’ at boundaries between disordered and
ordered layers. This is particularly important when the ordered and
anti-ordered layers are of uniform composition and have large Q
values. When adjacent layers are of slightly different composition
but of low Q value, imbalances are still there, but less significant,
leading to questions about whether contact layers are needed. The
simplest evaluation is given in Fig. 9. Here an interlayer positive
charge of 6 is exactly correct to satisfy three oxygen cations, and

Figure 9. The same layer model as in Fig. 7, with charge balances plotted above it between every pair of layers, calculated as the average charge contribution to
three oxygen in a formula unit. For any disordered or ordered pair of layers, the charge is 6.0, but for contacts between pairs of layers of different composition
there is either an overcharge with values above 6, or an undercharge with values below 6. Evaluation was carried out using only simple bond strength without
using bond valence (Robinson et al. 2006).
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Fine structure of self-reversed TRM 15

this value is achieved between layers in any ordered or disordered
phase. However, it is not achieved at interfaces between phases of
different composition, with mostly positive deviations up to 6.11,
and negative deviations down to 5.94 associated with contact layers.
We tested balances where contact layers are eliminated, placing
disordered layers directly against either Ti layers or Fe layers of the
adjacent phases. For disordered layers against Ti layers (TiD or DTi)
the values are overcharged (6.1 and 6.115), for disordered layers
against Fe layers (FeD or DFe) the values are greatly undercharged
(5.9 and 5.89), suggesting that contact layers are still useful.

Fig. 9 suggests an interesting and not unexpected feature of APB
regions, namely that achievement of perfect charge balance is not
possible. This perhaps illustrates one aspect of the driving force to
grow ordered domains and eliminate phase boundaries, namely to
eliminate this inherent charge imbalance. Note that in the Monte
Carlo simulation of Fig. 5 there is continuous variation in compo-
sition and Q value which would result in a more even distribution
of charge imbalance than in the ‘stepped pair’ model of Fig. 7.
Such continuous gradation may in fact occur in the natural material
and could be the basis for a more sophisticated simulation than the
conceptual model used here.

3.7 Discussion

The chemical model in Fig. 7 can account for magnetic events in
some of our quenched and annealed samples, but certainly not all.
Within the general principles outlined, there is room for chemical
modifications to explain features found in some samples. In cooling
curves on other samples with very similar shape, the magnetization
passes ‘TMAX’ indicating acquisition of some negative magnetiza-
tion, but with continued falling temperature to 30 ◦C never passes
‘TZM’ to achieve net self-reversed magnetization.

This new conceptual model sheds significant light on the work
of Nord & Lawson (1992), who understood antiferromagnetic cou-
pling between ordered and anti-ordered phases (see their Fig. 12),
but made little use of it. Despite those observations, they suggested
that the key to magnetic self-reversal lay in the APBs, which they
considered likely to be Fe-enriched. In our model, it is in fact the Fe-
enriched domain boundaries with opposed magnetic moments, that
provide the ‘pre-destination’ for magnetic self-reversal, whereas the
bulk antiferromagnetic relationship and coupling between ordered
and anti-ordered regions is what allows the self-reversed ‘destiny’
to be fulfilled!

4 T H E C H E M I C A L - WAV E C O N C E P T
W H E R E O R D E R E D A N D
A N T I - O R D E R E D D O M A I N S A R E
E M B E D D E D I N D I S O R D E R E D R E G I O N S

4.1 A two-wave model

An important step in textural evolution at high T towards a sce-
nario with ordered and anti-ordered domains separated by antiphase
boundaries, as illustrated in Fig. 7, is a situation where large and
small ordered and anti-ordered regions lie completely enclosed in
a disordered region. This was illustrated in articles II (Robinson
et al. 2012a) and III (Robinson et al. 2012b). In the latter, it was
proposed, with uncertainty that the smaller A-ordered and B-anti-
ordered regions could magnetize at a higher temperature than the
larger A-ordered and B-anti-ordered regions. The uncertainty was
related to an earlier demonstration that Fe-enrichment of small re-
gions can be related to the fact that these regions were ‘shrinking’

during overall coarsening. This could not be used to explain Fe-
enrichment of small domains, which were ‘growing’ at the expense
of a disordered host, and were small because their ordering began
later than ordering in the larger domains. With the chemical wave
concept in mind, as developed in Fig. 7, it seemed wise to explore
this scenario at this less developed stage in chemical evolution.

Fig. 10 provides a theoretical profile across two phase boundaries
involving 60 layers. In the centre (yellow) is a significant disordered
region. On the left it is bordered by the edge of a small A-ordered
domain (pink) that was growing during the time of arrested evolu-
tion, with a contact layer (red) on the boundary with the disordered
phase. On the right-hand side, the disordered region is bordered
by a large and growing B-anti-ordered domain (blue) with a con-
tact layer (violet) on the boundary. The centre of the disordered
domain is composed of layers of composition Ilm 60, representing
the original disordered bulk composition. On the left, in the process
of ordering in the A-ordered domain, Fe has been progressively
depleted from the centre, and added to the boundary against the
disordered region. Similarly, on the right, in the process of ordering
the B-anti-ordered domain, Fe has been progressively depleted and
added to the boundary against the disordered phase. In preparing
this model, it was realized that the ordering on opposite sides of
the model are completely independent. It is divided into two equal
parts, layers 1–30 and 31–60. The average composition in both parts
is Ilm 60. Among layers 1–30 there are more disordered layers and
fewer ordered layers, and the Fe-enriched wave along the phase
boundary is lower. Among layers 31–60 there are fewer disordered
layers and more ordered layers, and the Fe-enriched wave along
the phase boundary is higher. The two waves, of different heights,
were in convergent motion during cooling. The progressive thermal
magnetization of this model, including the concept of ‘magnetic
backwash’ is covered below and summarized in Table 2.

4.2 Magnetization steps

Progressive magnetization of the two-wave model uses the same
approach as with the single-wave model, with magnetization pro-
ceeding with falling T starting with the most Fe-rich compositions
at Ilm 48 and ending with the most Fe-poor compositions at Ilm
70. These are not spelled out in such detail here, but summarized in
the thermal acquisition profiles in Fig. 11 and in Table 2. The first
part to magnetize in a positive field is the contact layer and adja-
cent disordered material (yellow layers 39–40–41 and violet layer
42) in the centre of the right hand wave, which would acquire a
positive magnetization. The second feature to magnetize, also with
a positive magnetization, would be the contact layer and adjacent
disordered material (red layer 15 and yellow layers 16–17–18–19–
20) in the left-hand wave, followed by progressive magnetization
of the disordered region (yellow layers 21–36) between the contact
layers. Because both contact layers are positively magnetized at this
stage, a 180 ◦ magnetic domain wall would form somewhere in the
middle of the disordered phase, because the two contact layers are
magnetically incompatible. In the nomenclature of Robinson at al.
(2012b) the red contact layer would be in a p-domain (‘top layer in
a series magnetized to right’), the violet contact layer in a q-domain
(‘top layer in a series magnetized to left’). Both of the contact layer
magnetizations are very weak.

Upon completion of magnetization of the disordered domain,
magnetization would next proceed in the small A-ordered region to
the left (pink layers 1–14) until its completion. This would produce
a strong positive magnetic moment completely compatible with
the red contact layer (15). In the midst of that T interval, blue
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16 P. Robinson et al.

Figure 10. Sixty-layer model of the two interfaces where a small slowly growing Fe-rich ordered domain to the left (pink layers) with positive Q values, and a
large rapidly growing Fe-impoverished B-anti-ordered domain to right (blue layers) with negative Q values, have both progressively impinged on a disordered
central region (yellow) of the original disordered composition Ilm 60. System of graphing Fe3+ content, Fe2+ content, and Ti content is the same as in Fig. 7.
Contact layers (15, red and 42, violet) occur at phase boundaries, but there are no anti-phase domain boundaries as in Fig. 7. Between the contact layers there
are 26 disordered layers of slightly different composition. Left of red layer 11 (in pink) are the ferrimagnetic layers of the A-ordered domain progressing from
Ilm 59 to 64 and in Q from 0.20 to 0.60. Right of violet layer 14 (in blue) are the ferrimagnetic layers of the B-anti-ordered region progressing from Ilm 55
to Ilm 70 and in Q from –0.20 to –0.80. In both progressions, composition changes lower the TC, but increase the absolute magnetizations, while increasing
Q values also increase the magnetizations. The graph at the top charts the average total Fe contents of all pairs of layers, and the shape of the two resulting
asymmetric composition waves. Their movement directions before arrested chemical ordering are indicated.

layers 43–44 would also acquire a weak positive magnetization
compatible with violet contact layer 42. We speculate that by this
point, the strong positive magnetization on the left would drive
the 180 ◦ purely magnetic wall in the antiferromagnetic disordered
region far to the right until it overtakes the very weakly magnetized
violet contact layer 42 as well as layers 43–44 on the right, which
will then acquire a compatible negative remanence. As a result of
this ‘magnetic backwash’, the scene is then set for the entire B-anti-
ordered domain (blue layers 45–60) to acquire a negative remanence
during further cooling. The ‘backwash’ effect is marked in Fig. 11(a)
and in Table 2 by the change of the very weak magnetization of the
violet contact layer 42 (Ilm 48 in Fig. 10) and blue layers 43–44 (Ilm
55 in Fig. 10) from positive to negative (note × 2 in Table 2). This
would happen either before, or at the moment, when the positive
magnetization of the left-hand A-ordered region is completed at
140 ◦C (TMAX) in Fig. 11(a).

A discovery in the two-wave model of Fig. 10, is that it shows
why the small ordered and anti-ordered domains could be more Fe-
rich and therefore magnetize at higher temperature than the larger
domains. It also demonstrates how this effect could be transmitted by
‘magnetic backwash’ through the surrounding disordered phase in
such a way that the larger ordered regions would receive a negative
rather than a positive magnetization. This effect would be most
efficient where the disordered intermediate regions are relatively
narrow and lack space for wide magnetic domain walls.

Table 2 provides a list of the layers in Fig. 10 with their compo-
sitions, Q values, Curie Ts and theoretical magnetizations at 0 K. It
also provides the cumulative magnetic moments based on 0 K as in
Fig. 11(a), and cumulative moments based on a thermal model as
in Fig. 11(b). Comments are provided linking the synthetic cooling
curve Fig. 11(b) with the real cooling curves of Figs 2(a)–(c). In
Fig. 11(b) the TPD region begins with violet contact layer magneti-

zation at ∼290 ◦C and continues through the temperature of ‘mag-
netic backwash’ to end at 140 ◦C, a very wide temperature range
compared to Fig. 8(b). TC is ∼232 ◦C, where positive magnetiza-
tion begins to ramp up. Although only negative magnetizations are
initiated below the lower limit of TPD = ∼140 ◦C, positive mag-
netic intensity increase from cooling continues to dominate down
to TMAX at 117 ◦C. Below this, negative magnetization takes over
and TZM is reached at 85 ◦C.

The chart in Fig. 11(a) and model in Fig. 11(b) show very abrupt
features compared to Figs 8(a) and (b). The very sharp positive
peak in Fig. 11(a) is related to the fact that ‘backwash’ was set
to coincide at 140 ◦C with the Curie T of the six Ilm 64 layers of
the A-ordered domain. The downward jog of the cooling curve of
Fig. 11(b) between 150 and 135 ◦C relates directly to the backwash
reversal of the right-hand wave. These irregularities would likely
vanish in a model with a greater diversity of layers. We note again
a difference at low T between the upward concavity of the synthetic
curve and the downward concavity of the experimental curves in
Figs 2(a)–(c). See Section 3.4 for speculations on possible origin of
this.

4.3 Comments on composition estimates
and the two-wave concept

Prévot et al. (2001), for a Pinatubo sample of composition X = 0.53,
created a specific model of ordered domains embedded in a disor-
dered matrix with Fe-enriched regions along the phase interface. In
this respect, their model resembles the Fe-enriched waves in Fig. 10.
They suggest the following magnetizations temperatures (T◦C) and
inferred compositions. Our own composition estimates for the same
Ts are in italics. Disordered host 200 ◦C, X = 0.53 (0.58), disordered
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Figure 11. (a) Chart of progressive magnetic acquisition Ts of layers in Fig. 10, magnetic moments of pairs of layers calculated at 0 K, and cumulative net
magnetic moments as the magnetization Ts are reached with falling T. Magnetic moments colour coded like layers in Fig. 10. A key feature at 140 ◦C is the
reversal of positive magnetizations of the violet contact layer and the blue anti-ordered composition Ilm 55 to negative (‘+ to –’) resulting from ‘magnetic
backwash’ shortly after complete magnetization of the A-ordered layers. (b) Synthetic cooling curve for Fig. 10). Magnetic intensity for each pair of layers is
calculated in terms of a magnetic fraction based on the thermal difference at any T between the Curie T of the layer and 0 K. This fraction is 0 at the Curie T
and 1.0 at 0 K. Intermediate values were determined using a thermal magnetic profile for hematite provided by Harrison.
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Table 2. Layer compositions, Q values, magnetization Ts and magnetic moments in Figs 10, 11(a) and (b).

host rim <410 ◦C, X < 0.3 (<0.36), ordered domain rim 380 ◦C,
X = 0.35 (0.385), core of ordered domain 270 ◦C, X = 0.54 (0.517).
Except for their estimate for the disordered host composition, this
suggests the same rim Fe-enrichment and ordered domain core
depletion as portrayed in Fig. 10. To make sense, the disordered
host must have an Fe-content substantially greater than the ordered
core. Their magnetic model departs from ours in that: (1) They
suggest that the Fe-enriched rims are oppositely magnetized com-
pared to the cores. (2) They consider only one kind of ordered core,
whereas we consider both A-ordering and B-anti-ordering as well as
cores of different sizes and Fe-contents. (3) We think self-reversal

is tied to simple antiferromagnetic interface interactions without
significant involvement of spin-canted magnetization.

Lagroix et al. (2004) used magnetic data to try to distinguish
compositions within their X = 0.70 quenched samples. They sug-
gest a 107 ◦C magnetization temperature for the interiors of ordered
domains in a disordered host, from which we infer a composition
X = 0.675. Their estimates of 145 and 137 ◦C for partially disor-
dered rims of such domains, imply more Fe-enriched compositions
X = 0.637 and 0.645. Although their chemical model is limited,
their interpretation favours antiferromagnetic coupling across phase
interfaces.
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5 D I V E RG E N T G ROW T H O F O R D E R E D
D O M A I N S I N A D I S O R D E R E D M AT R I X
P RO G R E S S I N G T O C OA R S E N I N G B Y
A P B M O T I O N B E T W E E N O R D E R E D
A N D A N T I - O R D E R E D D O M A I N S

The chemical wave models of Figs 7 and 10 suggest a progression
during annealing in which there is first growth of ordered domains
against disordered domains, and then coarsening of some ordered
domains and shrinking of others. Both processes can proceed in dif-
ferent places within the same sample, and, where the two chemical
waves of Fig. 10 impinge, lead to the single wave shown in Fig. 7.
In both figures it is the large B-anti-ordered region that is growing
towards the left, first at the expense of the disordered region as
in Fig. 10 and then at the expense of the A-ordered region as in
Fig. 7. With the two waves converging into one, the Fe-enrichment
of the single wave is larger than in the double wave. An interesting
further consequence would be in the situation where two growing
B-anti-ordered regions converge on a disordered region and eventu-
ally extinguish it by merger. One might expect an especially strong
Fe-enrichment at such at extinction point, where the Fe either has
to diffuse away into the adjacent ordered phase, or remain at a sort
of Fe-rich corner.

The concepts discussed in the previous paragraph are used in
Figs 12 and 13 for the construction of colour contour maps of Fe
content of different types of composition waves. Attention is called
to the fact that the chemical composition range implied by the mag-
netic models of Figs 7 and 10 is fairly similar to the range we
recorded with TEM, that is, Ilm 50–70 (Fabian et al. 2011). Be-
cause the TPD range is determined mainly by the Fe-rich parts of
the waves including disordered layers near contact layers, it is not
surprising to find that TPD of most samples with bulk composition
Ilm 60–65 imply wave compositions Ilm 55–45. Our new magnetic
results favour chemical phase separations even greater than we en-
visioned. The well ordered and anti-ordered regions observed by
TEM are less than 7 nm across, which complicates phase analysis
by standard X-ray diffraction (XRD) methods. The samples appear
to be dominated by disordered regions of relatively homogenous
composition (Fig. 10), which would give intense sharp peaks in
XRD. However diffraction from the minority part of the samples
showing the ordered domains, already broadened due to the small
size, will further be broadened and weakened in intensity by the
compositional range. As a result the very weak broad diffraction
from the ordered regions is smeared out in the background and so
the chemical phase separation is not possible to detect with normal
XRD (Fabian et al. 2011).

Fig. 12 shows a small part of a chemical landscape produced by
arrested chemical evolution. Fig. 12(a) shows the temporal posi-
tions of chemical wave crests at the boundaries of growing ordered
domains. The domain to the upper left is a small and slowly growing
A-ordered domain like the small domain to the left in Fig. 10. Rel-
atively slow growth is indicated by relatively close spacing of the
colour-coded wave crest at times 1–11, probably reflecting late nu-
cleation of order within a disordered area. The domain to the upper
right is a large and more rapidly growing B-anti-ordered domain
like the large domain to the right of Fig. 10. More rapid growth
is indicated by relatively wider spacing of the colour-coded wave
crests at times 4–11, probably reflecting early nucleation of order
within a disordered area far to the northeast outside the map area.
The wave crests are converging towards each other with time, close
to convergence at time 7 and converged at time 8. With convergence,
the double-wave profile of Fig. 10, is represented by wave positions

Figure 12. (a) Areal map showing progressive positions of phase boundaries
at times 1–11 during quench and annealing (see text). (b) The same map as
(a) with chemical evolution arrested with the phase boundaries at time 8, and
schematic contours of Fe content added. (c) The same map as (b). Time lines
removed. Fe-contour intervals coloured (darkest red highest, violet lowest).
Each of the three domains described and the directions of movement of the
composition waves indicated.
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Figure 13. (a) Areal map showing progressive positions of phase boundaries
at times 4–10 during quench and annealing (times 1–3 outside the map).
(b) The same map as (a), with chemical evolution arrested at time 8 and
schematic contours of Fe content added. (c) The same map as (b). Time lines
removed. Fe-contour intervals coloured (darkest red highest, violet lowest).
Each of three domains described and the directions of movement of the
composition waves indicated.

in the lower part of Fig. 12(a). In the upper part of Fig. 12(a) this
is replaced by a single-wave profile as in Fig. 7. Above the conver-
gence, the large B-anti-ordered domain continues to grow, whereas
the small A-ordered domain begins to shrink. Convergence can con-
tinue to where the growth-wave crest of the B-anti-ordered domain
progressively intersects and extinguishes the growth-wave crest of
the A-ordered domain.

The growth-wave pattern of Fig. 12(a) is used to construct a
qualitative Fe-content contour map of the system in Fig. 12(b),
when chemical evolution is arrested at time 9. Fig. 12(c) shows the
resulting Fe-content contours (highest in dark red, lowest in violet)
for this stage of evolution, with the progressive growth-wave crests
removed. Each of the three relevant domains is described and the
directions of arrested chemical wave movement are indicated. We
see that Fe-enrichment is least along the growth waves in the lower
left and bottom of the figure, much greater where the growth waves
have converged, and still greater where the B-anti-ordered domain
is growing and the A-ordered domain is shrinking.

Two key observations derive from Fig. 12(c). (1) In samples
with intermediate stages of textural evolution during quench and
annealing, all three types of waves should be expected. (2) Within
these waves there will be a rather rich variety of compositions
with different Fe contents and therefore different magnetization
temperatures. All these will inevitably be integrated into the total
picture of TPD range and progressive acquisition of thermoremanent
magnetization.

An additional aspect of chemical landscape evolution is illus-
trated in Fig. 13. Fig. 13(a) shows the temporal positions of com-
position waves on the borders of two growing large B-anti-ordered
domains, coincidentally of the same size and growth rate. The waves
have not impinged by time 7, but have impinged by time 8. Here
impingement implies complete chemical merger of two chemical
domains with eventual extinction of the related chemical waves be-
tween them. Fig. 13(b) shows qualitative Fe-content contours on the
two converging chemical waves arrested at time 8.

Fig. 13(c) shows the resulting Fe-content contours for this stage
of evolution with the progressive growth-wave crests removed. As
in Fig. 12(c), Fe-enrichment is weakest in the region of least wave
convergence at the bottom of the figure and reaches maximum value
in the region of wave convergence in the upper middle. Exactly what
happens in the region of complete merger of the two B domains is not
certain. Possibly the Fe-enrichment in the junction region becomes
progressively more extreme, which would, provide progressively
more Fe-rich compositions in terms of local higher magnetization
Ts. More probably, with conditions above the equilibrium solvus,
these gradients should disappear as the gradients in Q disappear in
the two B domains.

The conceptual Fe-content landscapes provided in Figs 12(c) and
13(c) are only small parts of a larger landscape in which both types
of junctions will be present inevitably. Such broader landscapes
could be constructed based on the ideas presented here, balanced in
terms of bulk chemical composition and total magnetic evolution.
More fruitful, and an obvious next step, will be proper simulations
of the ordering/coarsening process.

6 C O N C E P T UA L M O D E L A N D
E X P E R I M E N TA L C U RV E S

In light of the conceptual models presented above, it is interesting to
go back to the experimental results in Figs 1 and 2. The ‘TPD’ ranges
from Figs 1(a) and (b) are 285–250 ◦C and 255–150 ◦C, respectively,
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corresponding to composition ranges Ilm 49–53 (bulk composition
Ilm 60) and Ilm 52.5–63 (bulk composition Ilm 65). The broad
range of TPD’s agrees with the idea that, when the pre-destination
is locked in along the phase boundaries, the compositions on the
boundaries are quite variable. This is consistent with a spatially
complex pattern of ordered domain growth and coarsening relating
to ‘waves’ with highly varied Fe-enrichment.

Several observations can be made when comparing these results
with the corresponding magnetic cooling curves in Figs 2(a) and
(b). In both examples, the upper end of the TPD range comes at a
temperature well above the TC related to a significant fraction of
ferrimagnetic material, where the magnetization is weak. This can
perhaps be related to the fact that the modelled contact layer ferri-
magnetic moment is weak and is closely tied with magnetization of
adjacent disordered layers. In the example of Fig. 2(a) the lower end
of the TPD range comes at a point where the initial positive magneti-
zation is still ramping up. In Fig. 2(b), by contrast, the lower end of
the TPD range comes almost exactly at TMAX. A similar TPD range is
shown in Fig. 11(b) for the chemical-wave model in Fig. 10, though
it does not extend down to TMAX. This would correspond to the pos-
tulated condition where the ‘magnetic backwash’ through a large
disordered domain reaches the right-hand chemical wave, causing
magnetic reversal of the contact layer. The TEM image of B-20 in
Fig. 6(B) suggests that this sample could contain a significant frac-
tion of disordered phase, consistent with the double-wave model.
This cannot be verified because much of the dark area of this image
may represent poor order rather than disorder. However, the same
can be said for B-06, with the small TPD range. An alternative inter-
pretation for the cooling curve of the Ilm 65 composition of sample
B-20 in Fig. 2(b) is that chemical evolution has progressed farther,
to the stage where small Fe-enriched domains have shrunk from
movement of APB’s, leaving a greater proportion of Fe-depleted
domains with self-reversed magnetization, but also leaving APB
waves with highly varied compositions. Our growing collection of
cooling and TPD curves for samples Ilm 60, 65 and 70 with different
quench temperatures and annealing Ts and times, suggests arrested
composition landscapes with considerable interface complexity.

7 C O N C LU S I O N S

Magnetic experiments on a series of synthetic ferri-ilmenite samples
in the bulk composition range Ilm 60–70 quenched and annealed at
high temperatures (T), well above any magnetization T, throw new
light on metastable chemical phenomena leading to fine-structure in
the acquisition of thermoremanent magnetization. Growth of Fe-Ti
ordered domains in a disordered host, or growth and shrinking of
adjacent Fe-Ti ordered domains against each other in the process of
coarsening, lead to Fe-enrichment in some domains relative to oth-
ers, influencing magnetization T. Additional Fe-enrichment along
domain boundaries during these processes produces Fe-enriched
waves on the boundaries, where ferrimagnetic material near the
wave crests, magnetizes at a higher T than the bulk of the sample.
Because the boundaries are APBs with opposite Fe-Ti ordering,
opposite sides must acquire opposite magnetic moments during
cooling, at a T above that where bulk normal magnetization begins.
This is the ‘magnetic pre-destination T ’ or ‘TPD’, because it sets the
stage for normal and self-reversed magnetization on opposite sides
of the phase domain boundary. The Fe-enrichment waves are not
uniform in a sample; neither are the compositions along the domain
walls. Generally ‘TPD’ is not a single T, but a T range, and reflects
only a small volume of the sample. With further cooling in a positive

field, slightly less Fe-enriched, but more voluminous ferrimagnetic
regions start to magnetize, leading to a positive magnetic peak,
‘TMAX’. Already here, even less Fe-enriched but still more volumi-
nous ferrimagnetic material, influenced by the domain wall, begins
to acquire self-reversed magnetization. This dominates in cooling
below ‘TMAX’, eventually leading to dominantly self-reversed mag-
netization below ‘TZM’. A conventional Curie T obviously cannot
be measured meaningfully from a cooling curve in this material
of varied composition; a graphically convenient point (TC) only
gives a value for a significant fraction of material of composition
where the normal thermoremanent magnetization is acquired. The
Fe-enriched chemical waves on phase boundaries described here,
that set the stage for acquisition of self-reversed thermoremanent
magnetization in further cooling, are tantalizing close in position,
though not in concept, to the ‘x-phase’ on phase boundaries that
Nord and Lawson thought to be the key to self-reversal.
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