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INTRODUCTION

Background

In their importance to rock magnetism, solid solutions in the 
hematite-ilmenite system, Fe2O3-FeTiO3, are second only to those 
of magnetite-ulvöspinel, Fe3O4-Fe2TiO4. Naturally occurring (1 
– X)Fe2O3-(X)FeTiO3 solid solutions exhibit complex magnetic 
properties owing to exsolution and cation ordering that are pre-
sumably induced by slow cooling. Studying the magnetic proper-
ties of synthetic single-phase samples can help to elucidate the 
properties of the more complex natural intergrowths that exhibit 
extraordinary magnetic properties, such as lamellar magnetism 
(e.g., McEnroe and Brown 2000; McEnroe et al. 2001, 2002, 
2004a, 2004b, 2007; Kasama et al. 2004; Robinson et al. 2002, 
2004; Harrison 2006) and large low-temperature (T) exchange 
bias (McEnroe et al. 2007a, 2007b; Harrison et al. 2007; Fabian 
et al. 2008). The magnetism of FeTiO3-rich solid solutions may 
be of fundamental importance in interpreting the magnetism of 
cold dead planets and asteroids, which formed in environments 
that are more reduced than Earth’s. Near-end-member ilmenite 
can have a very high magnetization at low temperature. When 
exsolution is present, members of this solid solution exhibit very 

high remanence that is stable from high-T down to at least 10 K 
(McEnroe et al. 2007a, 2007b; Harrison et al. 2007; Fabian et al. 
2008). Ilmenites, including some that are Mg-rich, are common 
on the Moon (Shearer et al. 2006). Hence, characterizing their 
T-dependent magnetic properties facilitate the interpretation of 
lunar magnetic anomalies.

Constrained equilibrium phase diagrams

Figure 1 is the phase diagram drawn by Ishikawa et al. (1985) 
redrawn to conform to the axis orientations and units used here. 
Figures 2a and 2b are the diagrams we draw, based on Figure 1, 
data in Ishikawa and Akimoto (1957), Ishikawa (1962), Shirane 
et al. (1962), Arai et al. (1985a and 1985b), Arai and Ishikawa 
(1985), Brown et al. (1993), McEnroe et al. (2007), and on new 
magnetic data presented here. Figures 2a and 2b are entirely 
consistent with Figure 1, but we extend some phase boundaries 
(dashed lines), and add some dotted lines to indicate crossovers 
(Salje 1988) that define sub-phase fields. The idea is to draw a 
low-T (T < 500 K) constrained-equilibrium phase diagram for 
the ilmenite(Ilm)-rich part of the system Fe2O3-FeTiO3, with 0.60 
< X < 1, using only relatively low fields B < 2 Tesla (i.e., low T, 
high X, and low B). By constrained-equilibrium phase diagram, 
we mean that it includes magnetic equilibria in metastable (1 – X)
Fe2O3-(X)FeTiO3 solid solutions that (1) have not phase-separated * E-mail: benjamin.burton@nist.gov

ABSTRACT

An approximate low-temperature, metastable phase diagram is drawn for the system (1 – X)
Fe2O3-(X)FeTiO3. It is based on published and new magnetic data from nine synthetic samples with 
bulk compositions in the range 0.6 < X < 1.0. Fields are plotted for (1) the paramagnetic phase (PM); 
the Fe2O3-rich ferrimagnetic phase (FM); (2) the FeTiO3-rich antiferromagnetic phase (AF); and (3) 
a re-entrant spin-glass phase (RSG). In addition, two subfields are plotted: (1) FM′, a subfield of the 
FM-phase, which occurs below a characteristic temperature TK, at which the magnetic susceptibility 
drops sharply on cooling, and (2) PM′, a subfield of the PM-phase (traditionally called superpara-
magnetic) forms below a sharp rise in susceptibility at TS, and exhibits measurable dispersion in the 
magnetic susceptibility at T < TS. 

The diagram is drawn with a bicritical point, Tλλ′, at X ≈ 0.87, T ≈ 39 K, which is the intersection 
of second-order magnetic phase boundaries for the paramagnetic → ferrimagnetic [PM(PM′) → FM] 
transition, TC(X), and the PM(PM′) → AF transition, TN(X). In addition, the RSG phase is plotted as 
one of four stable phases at Tλλ′, a construction that is not required by the phase rule, but is strongly 
favored by the physics of competition between the incompatible magnetically ordered structures of 
the FM- and AF-phases.

These phase relations are at such low temperature as to be of little consequence for terrestrial 
magnetism, however, they may well be essential for interpreting the magnetism of the Moon, Mars, 
and other cold planets. These phase relations are also essential for the characterization of fine natural 
and synthetic intergrowths, and for understanding magnetic materials for low-temperature technologi-
cal applications.
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