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Spin orientation in a natural Ti-bearing hematite: Evidence for an out-of-plane component
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abstRact

The orientation of spins in a natural sample of Ti-bearing hematite (Fe2O3) has been measured 
from 2–300 K using time-of-flight neutron powder diffraction. It is shown that the antiferromagnetic 
alignment vector is tilted out of the basal plane by an average angle of 30°, independent of temperature, 
contrary to the normal expectation that all spins lie in the basal plane due to the suppression of the 
Morin transition by Ti. This unusual result is related to the non-uniform spatial distribution of Ti in 
this sample, which takes the form of ~1 nm exsolution lamellae of ilmenite (FeTiO3), observed using 
transmission electron microscopy. It is suggested that the exsolution lamellae lead to a localization 
of Fe2+ species within the lamellar interfaces, which cause tilting of some spins toward the crystal-
lographic c axis. The presence of an out-of-plane component of spin at room temperature reconciles 
experimental and computational attempts to explain the phenomenon of “giant exchange bias” that 
appears when this sample is zero-field cooled below the ilmenite Néel temperature.
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intRoduction

An unusual occurrence of Ti-bearing hematite has been 
described recently from the Modum district, South Norway 
(McEnroe et al. 2007a). Modum hematite (MH) displays “giant 
exchange bias” after cooling to temperatures below 55 K. Ex-
change bias is the phenomenon whereby the hysteresis loop of 
a “soft” magnetic material is shifted horizontally along the field 
axis due to exchange interaction with a “hard” magnetic material. 
In the case of MH, the magnitude of the shift is more than 1.3 
Tesla (T), making it the largest exchange bias shift ever recorded 
in any material, either natural or synthetic. Despite the lack of 
obvious exsolution intergrowths at the optical scale, McEnroe 
et al. (2007a) demonstrated, using transmission electron micros-
copy (TEM), that MH contained two generations of ilmenite 
(FeTiO3) exsolution lamellae, the first with lamellar thicknesses 
of 10–20 nm and the second with thicknesses of ~1 nm (<1 unit 
cell). It was proposed that the Ti-bearing hematite host acts as 
the soft magnetic phase and that the nanoscale ilmenite lamellae 
act as the hard magnetic phase, with exchange bias arising due 
to exchange coupling across the lamellar interfaces once the 
ilmenite becomes magnetically ordered below its Néel tempera-
ture (TN) of 55 K. The magnetic properties of similar lamellar 
intergrowths have been studied extensively in recent years due 
to their important role in the generation of stable crustal mag-
netic anomalies, caused by a “defect” moment associated with 
spin imbalance at the lamellar interfaces (McEnroe et al. 2001; 

Robinson et al. 2002, 2004, 2006; Harrison 2006; Pentcheva 
and Sadat Nabi 2008). Though other hematite-ilmenite samples 
show exchange bias of ~50 mT (McEnroe et al. 2007b), MH 
appears to be unusual in that it is the only intergrowth studied 
so far to display giant exchange bias. The origin of Modum’s 
magnetic behavior is currently unknown, and hence warrants 
further investigation.

A comprehensive experimental study of exchange bias in 
MH was performed by Fabian et al. (2008). This study revealed 
several important characteristics of the effect. Whereas exchange 
bias in other materials normally only appears after cooling in a 
strong magnetic field, in MH the effect could also be seen after 
imparting a room-temperature isothermal remanent magnetiza-
tion (IRM) and then cooling in zero field. Furthermore, it was 
demonstrated that even zero-field cooling of the natural remanent 
magnetization (NRM) of a fresh sample (i.e., one that had not 
been previously exposed to a laboratory field) was sufficient to 
produce giant exchange bias. Only samples that had all rema-
nence removed by alternating-field demagnetization showed no 
bias. Because exchange bias is a result of exchange interactions 
across the interface between soft and hard phases, the observa-
tion that the NRM could produce the bias was strong evidence in 
support of the theory that the NRM is carried by spins residing 
at the lamellar interfaces.

Harrison et al. (2007) used a classical Heisenberg spin model 
to explore possible interface spin structures that could lead to 
exchange bias of the correct magnitude and sign in hematite-
ilmenite intergrowths. A key conclusion of this work was that 
exchange bias was only recreated in the computer simulations * E-mail: rjh40@esc.cam.ac.uk


