
Remanent magnetization, magnetic coupling, and interface ionic configurations of 
intergrown rhombohedral and cubic Fe-Ti oxides: A short survey

Peter robinson1,*, s.A. Mcenroe2, nobuyoshi MiyAjiMA3, KArl FAbiAn1, And nAthAn church2

1Geological Survey of Norway, N-7491, Trondheim, Norway
2Norwegian University of Science and Technology, N-7491 Trondheim, Norway

3Bayerisches Geoinstitut, Universität Bayreuth, D-95440, Germany

AbstrAct

Some intergrowths between rhombohedral and cubic Fe-Ti oxides 
show properties of high remanence and stability, greater than can be 
explained solely by properties of the individual phases. Magnetic experi-
ments demonstrate magnetic coupling across the interfaces between these 
phases. These have similarities to intergrowths solely of rhombohedral 
oxides with the properties of lamellar magnetism. Long-known studies 
indicate the common interface is along (111) octahedral planes of the 
cubic phase and (001) of the rhombohedral phase. This is confirmed in 

new TEM results on a synthetic titano-hematite and on a natural ferri-ilmenite, both with reduction-
exsolution lamellae of magnetite, where high-resolution lattice-fringe images demonstrate a common 
orientation of Fe octahedra along the interface. Such information provides a starting point to investigate 
atomic configurations, ionic charge imbalance, and magnetic moments along these interfaces, and leads 
toward a new application of the theory of lamellar magnetism.
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introduction

Worldwide studies of igneous and metamorphic rocks and 
synthetics have revealed unusual magnetic properties (McEnroe 
2007a, 2007b, 2009; McCammon et al. 2009; Robinson 2013). 
Some provide examples of intergrowths of rhombohedral exso-
lution lamellae in cubic hosts and vice versa (Shive and Butler 
1969; Rajagopalan et al. 1993; Schmidt et al. 1993, 2007). All 
appear related to local “oxidation” or “reduction” conditions 
during genesis, but whether such processes are driven by envi-
ronmental changes external to individual rocks, or only internal 
reactions, can only be understood on an individual basis. The 
classic example is of rhombohedral ilmenite lamellae exsolved 
from titanomagnetite by oxidation, resulting in movement of the 
residual magnetite composition toward the Ti-free end-member. 
A “parallel” but less well-known example is of cubic magnetite 
exsolved from ferri-ilmenite by reduction, resulting in movement 
of the residual ilmenite host composition toward an Fe3+-free 
end-member. In these two examples, both intergrowths may 
occur together in the same rock, suggesting a local exchange of 
oxygen with no influence of an external source.

Another example of a rhombohedral host is Ti-free hematite 
with very fine lamellae of magnetite or magnetite-maghemite solid 
solution. Its origin is uncertain, perhaps produced by high-grade 
metamorphism of an older hematite ore, itself derived by well-
known desilication of banded iron formation (Schmidt et al. 2007).

A synthetic example, also with a rhombohedral host, consists 
of a metastable titanohematite solid solution of Ilm40 composi-

tion with reduction exsolutions of magnetite. This was produced 
by slight reduction during an attempt at synthesis of a single-
phase rhombohedral oxide. Other recent experimental work on 
synthetic ferri-ilmenite in the composition range Ilm50-Ilm70, 
with metastable phase separation between ordered and disordered 
rhombohedral phases, has shown profound effects on the mag-
netic properties and the mechanism of self-reversal (Nord and 
Lawson 1989; Lagroix et al. 2004; Fabian et al. 2011; Robinson 
et al. 2012a, 2012b, 2014).

Several of the samples with rhombohedral-cubic intergrowths 
provide evidence of unusual magnetic properties, including high 
natural remanent magnetizations (NRM) and coercivity, possibly 
enhanced by magnetic coupling between the phases, which must 
occur along the well-established common interface that is (001) 
in the rhombohedral oxide and (111) in the cubic oxide (Ram-
dohr 1980). For a natural ilmenite sample from Australia, and 
for the exsolved Ilm40 sample, we have high-resolution TEM 
data providing exact information on the relative orientation of 
the rhombohedral and cubic phases across the interface, and a 
starting point to examine atomic configurations and the possible 
origin of the magnetic properties.

nAturAl And synthetic exAMPles

Lamellae of ilmenite in magnetite
The first example involves “oxidation-exsolution” of ilmenite 

from titanomagnetite. Here a magnetite host contains lamellae 
of ilmenite on the magnetite (111) planes, which are shared with 
(001) of ilmenite (Fig. 1), and is highlighted in the extensive work
of Ramdohr (1980). Ramdohr considered this intergrowth to be a 
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