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Ilmenite, FeTiO;, and hematite, aFe,0;, will
form hexagonal crystal in all proportions,
but as the temperature falls below 1000°C
the crystals exsolve into two phases, one
rich in ilmenite (hemoilmenite) and the other
rich in hematite (ilmenhematite). Uyeda
(1958) has studied synthetic mixtures of these
minerals and has found that a composition
close to 50%ilmenite-50% hematite would
spontaneously reverse its magnetic polarity
on cooling. In the present investigation the
large single crystals of hemoilmenite from
the deposits in the Allard Lake region of
Quebec have been used.

The Allard Lake hemoilmenite has an
overall composition of 70%ilmenite-30%
hematite with a well developed exsolution
structure. The hemoilmenite phase forms
the groundmass in which the ilmenhematite
phase is present as discontinuous lamellae
that have exsolved in the basal plane. The
lamellae fall into two distinct size ranges.
The large lamellae, which are irregular in
outline, vary from 1 to 10 mm in length and
from 0.005 to 0.02mm in thickness. The
small lamellae have a pronounced elongation
in one direction. They are roughly 5 to 10
microns long, 1 micron wide and 0.2 microns
thick. They tend to have their long axis
aligned along one of the trigonal symmetry
directions in the basal plane. These direc-
tions can be determined from parting cracks
visible in the large ilmenhematite lamellae
in polished section. The composition of the
large lamellae is 13% ilmenite in hematite
while that of the small lamellae is 7 to 10%
(Carmichael 1961).

The natural remanence of the crystals is
due to the small ilmenhematite lamellae.
They have a coercive force of 1500 Oersteds
and a strong anisotropy causing magnetiza-
tion in the basal plane only. Within the
basal plane there is a weaker anisotropy that
defines an easy direction of magnetization.
The large lamellae have a coercive force of
about 100 Oersteds but are not magnetized in

the natural state. The hemoilmenite phase
has a Curie point at about 0°C and is not
magnetic at ordinary temperatures. Curves
of the change with temperature of both the
natural remanence, Jy, and the thermore-
manence produced in 0.5 Oersteds, J»(0.5),
are shown in Fig. 1. Both show an increase
in intensity upon heating which resembles
that found by Uyeda for synthetic specimens
of similar composition. In contrast to most
magnetic rocks, Jy is almost twice as great
as J7(0.5) which suggests that magnetization
mechanism in the natural state is not simply
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cooling in the earth’s field.

The intensity and direction of both /y and
Jr for single crystals were measured in zero
field over a temperature range from about
75° below the Curie point down to —196°C.
Both remanent magnetizations rotate within
the basal plane from about 200°C downward.
Fig. 2 is a polar plot of the remanent vector
in the basal plane for a typical crystal cooled
in 0.8 Oersteds to 500°C and then in zero field
to —196°C. The rotation of the vector in
the basal plane is not a true rotation but an
apparent one due to the growth of a new
magnetic moment, opposite in sense to the
remanence, but directed along one of the
crystal symmetry directions. The symmetry
directions are parallel to lines of Fe atoms
in the crystal but are also parallel to the
preferred directions of the long axes of the
small lamellae. The growth and decay of
the new moment is completely reversible with
change in temperature.

A series of crystals with a range of ilmen-
hematite were prepared by heat treating the
natural crystals. Crystals heated to over
600°C for more than a few days had all the
small lamellae redissolved so that the ilmen-
hematite phase consisted of the remnants of
the large lamellae. The heat treated crystals
show a decrease in intensity of the thermore-
manence on cooling, similar to that found
for natural crystals. In the heat treated
specimens the new moment is antiparallel to
the remanence rather than along a symmetry

direction. Thus it seems that the directional
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control of the new moment in natural crystals
is connected with a shape or crystalline an-
isotropy of the small lamellae in the sym-
metry directions. For crystals containing
ilmenhematite with 25 to 18% ilmenite in
hematite the antiparallel moment causes a
reversal of the magnetic vector above room
temperature. Fig. 3 shows the variation of
the thermoremanence with change in tem-
perature for a crystal that had been heated
for 100 days at 900°C. The magnetic con-
stituent is the remnants of the large lamellae
which contain 20% ilmenite in hematite.

This reversing range of composition of
ilmenhematite is distinct from that found by
Uyeda. The growth and decay of the an-
tiparallel moment with change in tempera-
ture suggests an order-disorder mechanism.
Ishikawa and Akimoto (1958) have found that
the Ti*t jons remain disordered on cooling
for any composition containing less than 45%
ilmenite so that ordering of titanium cannot
cause the antiparallel moment in this range
of composition. In contrast to the Ti ions,
the ordering of Fe ions does not require mig-
ration of atoms through the lattice. Fe?**
ions could be ordered onto A sites by electron
transfer from Fe?* ions on B sites to Fe®"
ions on A sites. Each such transfer would
cause a net increase of 2 Bohr magnetons in
the antiparallel moment. The tendency to
cause this ordering at low temperature could
be the lower energy of the ilmenite arrange-
ment of Fe?t ions, which would be counter-
acted at high temperature by the increased
entropy of the disordered state.

A demonstration of spontaneous reversal
will be given using a heat-treated Allard
Lake crystal having a magnetic constituent
with a composition of 20% ilmenite in hematite.
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DISCUSSION

Y. ISHIKAWA:

I should like to comment to Dr. Carmichael that, in order to inter-

pret this self-reversal phenomenon, you must take into account the important fact
that this phenomenon is not observed in either a completely exsolved specimen or a

fully mixed specimen, but is observed in an imperfectly mixed state.

This fact sug-
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gests that this phenomenon is also characteristic of the inhomogeneous specimen. In
this point, the situation is quite similar to the self-reverse T.R.M. of Haruna type.
If this phenomenon is really attributed to the ordering of Fe*' and Fe®*, the reversal
phenomenon must be observed even in the homogeneous specimen. Several years
ago, we measured electrical conductivity of the synthesized solid solution of ilmenite
and hematite and did not find any anomalies over the wide range of temperature.
Therefore this self-reversal phenomenon may be attributed to other mechanisms.

C. M. CarmicHAEL: I agree with Dr. Ishikawa that the total crystal is not homo-
geneous but have assumed that this crystal which was heated for 100 days at 900°C
has reached equilibrium in the regions of each phase. These are the remanents of
the large lamellae for the hematite-rich phase and the groundmass for the ilmenite-
rich phase. This leaves only the boundary regions of the hematite-rich lamellae for
intermediate compositions and the amount must be below that detectable by Curie
point, x-ray or polished section analysis. Further, in the case of the specimen

reversing slightly above liquid N, temperature there could be no phase present with
so low a Curie point.

S. Uyepa: In order to check the plausibility of Dr. Carmichael’s hypothesis, we
have measured the electrical resistivity vs. temperature characteristics of Dr. Carmi-

chael’s heat treated specimen (1150°, 8 days). We found an anomalous decrease in
the electrical resistivity at about the temperature one would expect.
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