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aBstRact

Pyrrhotite, Fe7S8, is a common sulfide mineral in the Earth’s crust and mantle, as well as in a 
range of meteorites and is of interest to a wide variety of disciplines including economic geology, 
geophysics, and material science. The 4C variety of pyrrhotite shows a dramatic change in magnetic 
properties at T ≈ 30 K, known as the Besnus transition. Although this transition is frequently used to 
detect pyrrhotite in geologic samples, the underlying mechanism driving the transition has not yet 
been identified. This study presents a high-resolution view of the changes in heat capacity, magnetic, 
and electronic properties of a natural single crystal of nearly pure, monoclinic 4C pyrrhotite across 
the Besnus transition. Contrary to previous studies, all of these properties show clear evidence of the 
Besnus transition, specific heat, in particular, revealing a clear transition at 32 K, apparently of second-
order nature. Small-angle neutron scattering data are also presented, demonstrating an unusual change 
in short-range magnetic scattering at the transition. Furthermore, a magnetic field dependence of the 
transition temperature can be seen in both induced magnetization and electrical resistivity. These new 
observations help narrow the possible nature of the phase transition, clearly showing that interactions 
between intergrown coexisting 4C and 5C* superstructures, as suggested in some literature, are not 
necessary for the Besnus transition. In fact, the changes seen here in both the specific heat and the 
electronic transport properties are considerably larger than those seen in samples with intergrown 
superstructures. To further constrain the mechanism underlying the Besnus transition, we identify 
five separate potential models and evaluate them within the context of existing observations, thereby 
proposing experimental approaches that may help resolve ongoing ambiguities.
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intRoduction

Iron mono-sulfides, or pyrrhotites (Fe1–xS, 0 < x < 0.125), 
are commonly occurring iron sulfide minerals that are impor-
tant to a wide range of scientific disciplines. In the Earth and 
planetary sciences, 4C pyrrhotite (Fe7S8) acts as a recogniz-
able ferrimagnetic phase and is found in many magmatic and 
metamorphic rocks (Dunlop and Özdemir 1997), in claystones 
(Aubourg and Pozzi 2010), and in limestones (Muttoni 1995). 
In terrestrial rocks, the remanent magnetization carried by this 
phase has been used to study polarity reversals of the Earth’s 
magnetic field (e.g., Quidelleur et al. 1992) and to examine the 
nature of magnetization in quartzite clasts from the Precambrian 
Jack Hills of Western Australia (Weiss et al. 2015), as well as 
being the basis for a crustal geo-thermometer (Aubourg and 
Pozzi 2010) or barometer (Gilder et al. 2011). Furthermore, 4C 
pyrrhotite is a major magnetic constituent of several classes 
of meteorites, most notably in martian meteorites (Rochette et 
al. 2001). Since pyrrhotite is thermodynamically stable on the 

surface of Mars, it may also contribute to the martian magnetic 
anomalies (Fegley et al. 1995). Moreover, 4C pyrrhotite can be 
found in chondritic meteorites, the most primitive and oldest class 
of meteorites (Herndon et al. 1975; Zhang et al. 2008), and, as 
such, may possibly record the magnetic fields in the early solar 
system, as well as transient fields associated with impact events 
(Muxworthy et al. 2017). In general, pyrrhotites are also the most 
common iron sulfide minerals in certain intrusions, such as the 
1.1 Ga Duluth Complex, which hosts economically important 
quantities of Cu, Ni, and Pt group elements. Understanding the 
oxidation kinetics of pyrrhotite minerals in mine tailings is of 
critical importance for avoiding water quality degradation due 
to acid mine drainage (Lapakko 2015). Furthermore, pyrrhotite 
commonly occurs as inclusions in diamonds and may provide 
information about sulfur cycling within the lower mantle (Sharp 
1966; Gilder et al. 2011). Within the material science community, 
pyrrhotites have been studied as potential candidate materials 
for anodes in lithium-ion batteries (Zhang et al. 2015) and can 
be used to sequester arsenic contamination in the environment 
(Cantu et al. 2016).

Given its importance to geoscience and materials science, the 




