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Abstract In monoclinic 4C pyrrhotite (ideal formula Fe7S8), ordered vacancy distribution forms a
superstructure with strong ferrimagnetism that makes this mineral a major remanent magnetization
carrier in the Earth’s crust. The pronounced decrease in isothermal remanence magnetization at about 32 K,
known as Besnus transition, is a characteristic trait that marks the low-temperature transition in 4C pyrrhotite,
and it is used as a key to identify this mineral phase in rock samples. Here we take a nearly pure single
pyrrhotite crystal (Fe6.97S8) from the Swiss Alps to study its Besnus transition in a broad mineral-magnetic
approach that combines detailed structural analysis with static and dynamic magnetization experiments. All
the magnetic properties inferred from the experimental data are discussed in the context of a recent model
that explains interacting anisotropy fields in the 4C pyrrhotite caused by the vacancy arrangement as the
origin of the Besnus transition.

1. Introduction

Pyrrhotite refers to a structurally complex iron monosulfide solid solution series across the chemical
composition Fe1-xS with 0 ≤ x ≤ 0.125. Thesemonosulfides have attracted considerable interest in fundamental
magnetism over decades because the variation in the magnetic properties is critically affected by the iron
deficiency (Armstrong et al., 2013; Herbert et al., 2015; Néel, 1953; Pauthenet, 1952; Pearce et al., 2006;
Schwarz & Vaughan, 1972; Weiss, 1899). Pyrrhotite phases have a distorted NiAs-type structure in common
where the iron atoms occupy the interstitials in a hexagonal close-packed array of sulfur. Unoccupied
octahedral Fe sites generate variable stacking sequences of vacancy and full sublattices that result in different
superstructures. In the monoclinic end-member Fe7S8 with the highest iron deficit, the alternation of full and
ordered vacancy sublattices yields a superstructure with four times periodicity along the c-axis compared to
the NiAs-type substructure and is therefore denoted 4C pyrrhotite (Bertaut, 1953). In this commensurate
superstructure, the Fe magnetic spins have ferromagnetic order within the c-plane and antiferromagnetic
coupling between adjacent sublattices along the c-axis, and this configuration accounts for a strong
ferrimagnetism (e.g., Néel, 1953). This ferrimagnetism in combination with its widespread occurrence makes
the 4C pyrrhotite a major natural remanence carrier in the Earth’s crust and in extraterrestrial materials
(e.g., Kontny et al., 2000; Rochette et al., 1990; Rochette et al., 2001). Magnetic information obtained from
4C pyrrhotite has been successfully applied in a wide range of rock and paleomagnetic studies, which include
the reconstruction of orogens and diagenetic processes (Appel et al., 2012; Friedman et al., 2014; Gillett, 2003;
Honsho et al., 2016; Kars et al., 2015; Manning & Elmore, 2012; Schill et al., 2003; Weaver et al., 2002; Wright,
1966), or the inference of the magnetic effects of shock metamorphism in impact structures on Earth and
Mars meteorites (Louzada et al., 2007; Mang et al., 2012; Rochette et al., 2001).

Key to the magnetic identification of 4C pyrrhotite in geological samples is its characteristic low-temperature
magnetic transition at T ≈ 30 K, also known in the rock magnetic community as the Besnus transition
(Rochette et al., 2011). This transition is defined not only by pronounced decrease in remanence
magnetization upon cooling but also in other physical properties such as resistivity (e.g., Besnus & Meyer,
1964; Charilaou et al., 2015). Despite the fact that the low-temperature transition has been successfully used
to identify 4C pyrrhotite in rock materials, the physics behind this phenomenon is still a matter of debate. The
main controversy is whether the transition is of crystallographic or magnetic origin (e.g., Charilaou et al., 2015;
Fillion & Rochette, 1988; Kind et al., 2013; Volk et al., 2016; Wolfers et al., 2011). A reason for the lack of a
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generally accepted model is probably the richness of physical features associated with the transition. Wolfers
et al. (2011) interpreted a set of neutron diffraction data of and the appearance of a fourfold magnetic rota-
tional symmetry in a natural pyrrhotite with pronounced twinning in favor of a crystallographic change from
monoclinic to triclinic associated with the transition. A detailed neutron diffraction study on synthetic 4C pyr-
rhotite powder samples, however, revealed no indication of a crystallographic change at low temperature
(Powell et al., 2004). Moreover, a recent experimental and numerical study of a natural pyrrhotite crystal pro-
vided compelling evidence that the emergent fourfold rotational symmetry at T < 30 K is due to interacting
local anisotropy fields in 4C pyrrhotite (Koulialias, Charilaou, Schäublin, et al., 2018). These fields stem from
two groups of Fe sites in 4C pyrrhotite, which differ in their geometrical relation to the vacancies. One group
contains the Fe sites with interlayer vacancies as next neighbors, and the other group the remaining Fe sites.
The spatial arrangement of the groups forms a 30° angle (Koulialias, Charilaou, Schäublin, et al., 2018;
Koulialias, Charilaou, Mensing, et al., 2018). Furthermore, the different local anisotropy properties in 4C pyr-
rhotite that were first postulated by Adachi (1963) based on theoretical considerations can lead to an inco-
herent out-of-plane spin rotation. Magnetic torque analysis by Koulialias, Charilaou, Mensing, et al. (2018)
experimentally confirmed the incoherent spin rotations and further showed that reversed spin rotation
occurs at about T ≈ 30 K. This finding provides further evidence for the critical interaction of the different local
anisotropy fields associated with the Besnus transition. The interaction model is similar to that by Charilaou
et al. (2015) but localizes interacting anisotropy fields in the 4C superstructure and not between polymor-
phous superstructures. The new view to the low-temperature transition, however, challenges the prevalent
idea that the Besnus transition is caused by a crystallographic change that lowers the symmetry as it is known
for the classic Verwey transition in magnetite. Here we present detailed static and dynamic magnetization
data as well as structural data of a nearly pure 4C pyrrhotite in order to discuss the low-temperature transition
in the light of the new interaction model and its consequence for the debate of the Besnus transition in the
rock magnetic community.

2. Materials and Methods

A pyrrhotite crystal from a headrace gallery in the Aar Massif near Amsteg in Canton Uri, Switzerland, was
used. In this Massif, which includes a large gneiss complex and a metasediment cover formed during
Alpine orogeny, various tunnel projects over the last few decades have shown that apart from pyrite,
pyrrhotite is the most abundant iron sulfide in this rock body (Amacher & Schüpbach, 2011). The mineralogy
of pyrrhotite crystals from the same locality near Amsteg has been reported in the literature and exhibits a
complex crystallographic structure that may originate from the intergrowth of different phases (Engel
et al., 1978).

The structural and magnetic analyses of the pyrrhotite crystal generally follow the methodological strategy
previously reported by Koulialias et al. (2016). This permits an optimal comparison between different
pyrrhotite samples. The crystallographic properties of our pyrrhotite were measured by powder X-ray
diffractometry (XRD) with Cu Kα1,2 radiation in θ-θ geometry on a Bruker D8 Advance instrument, equipped
with a position-sensitive detector Lynxeye®, from 14 to 93°2θwith a step width of 0.011°2θ and a total count-
ing time per step of 168 s. The powder was placed in the 0.5-m-deep indention (diameter 20 mm) of the
sample holder and gently smoothed. Rietveld refinement was performed with the Bruker software TOPAS
(Bruker AXS TOPAS V4.2, 2008) using the fundamental parameter approach (Cheary & Coelho, 1992). The
structure model for 4C pyrrhotite was taken from Tokonami et al. (1972), and, besides the lattice parameters,
the occupancies of the Fe positions in the structure were refined. The structure model of quartz was obtained
from the Crystallography Open Database (Grazulis et al., 2009).

To complement the structural bulk analysis, differential scanning calorimetry (DSC) on a 10.9-mg crystal flake
was performed with a heating rate of 20 K/min using a Mettler-Toledo DSCI/700 device. Transmission
electron microscopy (TEM) was conducted on an FEI Talos equipped with a field-emission gun and operated
at 200 kV. Imaging was performed in TEM bright-field. Selected area diffraction patterns were obtained to
identify the crystallographic phase of the sample and to derive the relative orientations of the observed areas.
The diffraction patterns were analyzed with jEMS software (Stadelmann, 1987). Diffraction patterns of the
various crystallographic pyrrhotite models reported in literature were employed in order to obtain the best
match between experimental and simulated data.
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The cation content of the pyrrhotite crystal was determined by wet
chemical analysis with inductively coupled plasma optical emission
spectrometery after microwave digestion in HNO3/H2O2. The thermal
stability and the magnetic ordering temperature were measured by
high-temperature magnetic susceptibility on a powder sample under
argon atmosphere with a KLY-3 Kappabridge coupled to a thermoelement.
The heating/cooling rate was about 10 K/min. The dynamic and static mag-
netization experiments on a crystal oriented in the c-plane of the NiAs-like
substructure were performed between 300 and 10 K using a Physical
Property Measurement System (Quantum Design). The hysteresis para-
meters at different temperatures were recorded after zero-field cooling
(ZFC) the sample from room temperature, carrying an isothermal remanence
magnetization (IRM) acquired in a 3-T field. The remanent coercivity (Bcr) was
determined from the hysteresis loop using the method by Jackson et al.
(1990). In addition, the hysteresis curve at 10 K was measured after field
cooling (FC) in a 3-T field. The cooling/warming curves of the IRM acquired
at room temperature were recorded in a 2-mT field in order to compensate
the weak magnetometer-immanent, residual magnetic field in the coil.
The heating behavior of the IRM acquired at 10 K was examined after
ZFC and FC in a 3-T field. Moreover, the same sample was taken to mea-
sure the first-order reversal curves at room temperature on a MicroMag
3900 vibrating-sample magnetometer with a step size of 1.2 mT and a
maximum field of 1 T. The plots were made by using the MATLAB code
FORCOBELLO with a smoothing factor 4 (Winklhofer & Zimanyi, 2006).

3. Results and Discussion
3.1. Chemical and Structural Properties

In the X-ray diffractogram all reflections can be assigned to a pyrrhotite phase and traces of quartz (Figure 1).
The major peaks are caused by the hexagonal NiAs-type substructure of the pyrrhotite, with a = b = 3.4379 nm
and c = 5.7001 nm and c/a = 1.658. This ratio suggests that the bonds in the hexagonal close-packed structure
are mainly covalent with weak ionic character (e.g., Sakkopoulos et al., 1986). The expected 4C superstructure
was best described by Rietveld refinement using the structural model based on the space group F2/d as pro-
posed by Tokonami et al. (1972). The obtained unit cell parameters were a = 1.19126 ± 0.005 nm,
b = 0.6819 ± 0.0003 nm, c = 2.2798 ± 0.0008 nm, and β= 90.508 ± 0.002°, with a goodness of fit of 1.82, a
weighted Durbin Watson value of d = 0.62, and a R-Bragg factor of 1.75. Moreover, the refinement of the Fe
occupancy factor yielded a calculated nearly stoichiometric chemical composition of Fe6.97S8 for the 4C pyrrho-
tite. The chemical analysis of the pyrrhotite crystal shows an Fe concentration of 59.3 ± 0.7wt%,which is slightly
lower than the calculated 60.1 wt% obtained from XRD. The difference can, to some extent, be explained by
the concentration of minor cations of about 0.1 wt%, which includes 650-ppm Ni and 750-ppm Mn.

The TEM micrographs revealed a variety of crystal defects that sectioned the 4C pyrrhotite (Figure 2a).
Selected area electron diffraction only exhibited patterns of 4C pyrrhotite that could be simulated using
the crystallographic model of Tokonami et al. (1972), which considers the space group F2/d with
a = 1.1902 ± 0.0008 nm, b = 0.6859 ± 0.0005 nm, c = 2.2787 ± 0.0001 nm, and β = 90.43° for a 4C pyrrhotite
single crystal (Figures 2a and 2b).

Two different systems of planar defects can be distinguished, which consist of either parallel or nonparallel
lamellae with respect to the c-plane of the hexagonal substructure (Figures 2a and 2b). The parallel lamellae
are in the micrometer size range, and selected area diffraction patterns show that these lamellae are rotated
to each other in the c-plane by a 60° angle (Figure 2a). Such twins are often observed inmonoclinic pyrrhotite
(e.g., Harries et al., 2011; Keller-Besrest et al., 1982; Pósfai et al., 2000; Pierce & Buseck, 1974; Van Landuyt &
Amelinckx, 1972), and they were most likely formed during the crystal growth.

The lamellae with nonparallel contrasts with respect to the c-plane are characteristic of stacking faults
marked by jogs due to dislocation cross-slip, which indicate shearing by mechanical stress (Figures 2a and

Figure 1. Powder X-ray diffractogram of the pyrrhotite sample with mea-
sured data (crosses) and calculated pattern (red line) as the sum of the
refined 4C pyrrhotite (green) and quartz pattern (blue). The gray line at the
bottom is the difference of the measured and calculated patterns. The peaks
of the NiAs-type substructure are indexed in the calculated pattern.
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2b). Such features accord with the observation that pyrrhotite generally undergoes plastic deformation in
orogenic processes (e.g., Clark & Kelly, 1973; Graf & Skinner, 1970). It was experimentally shown that
pyrrhotite single crystals exhibit a low resistance of the lattice to shear in the c-plane, but the angle of the
load critically affects the slip plane and direction, which can thus be out of the c-plane (Kübler, 1985). The

mechanically induced defects suggest that both the hexagonal
substructure and the superstructure critically affect the deformation
architecture in our single crystal. From this it follows that the load on the
crystal over a geological period of time locally broke the stacking
modulation, and this in turn created areas in the 4C pyrrhotite with
perturbed cation ordering of the crystal. Given this, the studied crystal
can be described as a twinned 4C pyrrhotite single crystal mechanically
deformed during Alpine orogeny.

3.2. Magnetic Properties of the Pyrrhotite Crystal
3.2.1. High-Temperature Susceptibility and Calorimetry
The susceptibility-versus-temperature curves show a Curie temperature
Tc = 596.6 ± 0.2 K (Figure 3a). Such Tc is typical of ferrimagnetic 4C
pyrrhotite (Li & Franzen, 1996; Powell et al., 2004). The initial heating curve
exhibits a kink at about 450 K and a peak prior to Tc that can be explained
by the Hopkinson effect (Dunlop & Özdemir, 1997). A magnetic change in
pyrrhotite at T ≈ 450 K is well known and has been explained by an
antiferromagnetic-to-ferrimagnetic λ transition due to vacancy
rearrangement mainly associated with a 5C superstructure (Herbert
et al., 2015; Kontny et al., 2000; Marusak & Mulay, 1980). Upon cooling,
the kink vanishes, accompanied by no significant change in the bulk
susceptibility at room temperature (Figure 3a). The absence of a significant
increase in susceptibility in the heated sample argues against the
formation of a ferrimagnetic phase at the expense of an antiferromagnetic
one. The two cycles of the DSC analysis show in the heating curves
endothermic peaks at T = 604 K and an enthalpy change ΔH = 16.6 J/g
(Figure 3b). The cooling curves are identical for both cycles and exhibit
an exothermic peak at T = 582 K and ΔH = 20.4 J/g. The onsets of the
endothermic and exothermic peaks occur at 595.1 ± 2.8 K, i.e., the
temperature where the Tc is found in the susceptibility measurements
(Figures 3a and 3b). This similarity confirms that the ferrimagnetic-
to-paramagnetic transition takes place simultaneously with the change
from the 4C to 1C structure due to the randomization of the vacancy order

Figure 3. (a) High-temperature susceptibility cycles of the powdered pyrrho-
tite crystal with heating (red dots) and cooling (blue dots) curves of the
untreated sample and after two heating-cooling cycles (orange and green
circles); (b) two differential scanning calorimetry cycles with heating curves
(red and orange) and cooling curves (blue and green), where the latter lie
exactly on top of each other.

Figure 2. Transmission electron micrographs show twins with 60° rotation at the twin boundaries in the c-planes (dashed lines) inferred from the diffraction patterns
(insets) of (a) lamellae I and II (arrowed) with zone axes [130] and [100], respectively, of the 4C pyrrhotite structure and (b) stacking faults forming jogs (arrowed) and
intersections with the c-plane.
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(e.g., Powell et al., 2004). With this in mind, the difference in the peak positions between heating and cooling
is then most likely a cation diffusion effect. Moreover, the comparison of the two heating curves shows a
slightly different behavior with a bifurcation at T ≈ 425 K. This weak enthalpy change is close to the
temperature where the kink in the first heating curve of the susceptibility cycle occurs. Given this, it can be
assumed that the thermally induced changes stem from irreversible cation rearrangements on a relatively
small scale in the 4C pyrrhotite. Considering the TEM micrographs, this rearrangement is likely associated
with mechanically deformed zones.
3.2.2. Static Magnetic Properties
Monoclinic 4C pyrrhotite has a strong magnetic anisotropy with easy axes in the c-plane and a striking hard
one along the c-axis of the hexagonal NiAs-type substructure (Weiss, 1907). In this study, we performed only
magnetic measurements parallel to the c-plane of the crystal. The hysteresis curve at room temperature
(Figure 4a) shows a coercivity Bc = 1.75 mT, a near saturation magnetization at 3 T (M3T) of 20.19 Am2/kg
(e.g., Néel, 1953), a remanence magnetization Mr = 1.08 Am2/kg, and a squareness ratio Mr/M3T = 0.05. The
remanent coercivity Bcr deduced from the hysteresis loop is 9.3 mT, which leads to a coercivity ratio of
Bcr/Bc = 5.3. The coercivity ratio and Mr/M3T are typical of 4C pyrrhotite in a multidomain state, generally

Figure 4. (a) M(B) curve measured in the c-plane at room temperature and (b) the corresponding first-order reversal
curve diagram with smoothing factor 4, (c) M(B) curves at low temperature and (d) the dM/dB of the hysteresis curves;
(e) temperature dependence of Bc with the fitting after Gaunt (1983) at T < 35 K (red line) and the coercivity ratio. The
dashed vertical line highlights the Besnus transition; and (f) temperature dependence of remanence and squareness ratio.
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with 180° domain walls (Ds) normal to the c-axis of the pyrrhotite crystal (Halgedahl & Fuller, 1981; O’Reilly
et al., 2000). The M3T is close to magnetization at saturation estimated for stoichiometric Fe7S8 pyrrhotite
(Néel, 1953) and measured in natural samples (Armstrong et al., 2013; Halgedahl & Fuller, 1981), but it is
clearly higher than in a pyrrhotite crystal that contains epitaxially intergrown poly-type, monoclinic super-
structures (Koulialias et al., 2016). For our pyrrhotite crystal a magnetic moment per formula unit Fe6.97S8
of 2.34 μB was calculated. This value is significantly higher than the 2.03 μB found by Bertaut (1953), which

relies on an ionic model with a 4C pyrrhotite formula of Fe3þ2 Fe2þ5 S2�8 . Mössbauer spectroscopy, however, pro-
vides no evidence for the presence of Fe3+ cations in 4C pyrrhotite, and the c/a = 1.658 obtained from XRD
suggests covalent bonding with a weak ionic character (e.g., Fillion et al., 1992; Hafner & Kalvius, 1966; Oddou
et al., 1992; Sakkopoulos et al., 1986). In a recent X-ray magnetic circular dichroism study, Letard et al. (2007)
confirmed the exclusive Fe2+ valence state in natural pyrrhotite and showed that the cations comprise, apart
from the spin moment, a contribution from the orbital moment of about 15%, and this in turn can explain the
2.34 μB calculated for our sample.

As mentioned above, the hysteresis properties of the pyrrhotite are typical of multidomain single crystals. The
first-order reversal curve analysis provides evidence of a broader range of Bc (Figure 4b). Apart from the
largest contribution with Bc < 5 mT, a coercivity spectrum that forms a faint ridge up to 25 mT is visible.
Because the pyrrhotite sample is a single crystal, grain- size effects described by Dekkers et al. (1989) as a
cause of the coercivity range can be excluded. With this in mind themicrocoercivity population may originate
from dislocations due to crystal deformation (Lindquist et al., 2015).

Low-temperature measurements exhibit minor changes in the hysteresis parameters Mr and Bc down to
35 K (Figures 4c–4f). The coercivity ratio Bcr/Bc, however, shows a local minimum at 100 K and a
pronounced increase down to 35 K. Moreover, between 150 and 40 K, M(B) behaves nonuniformly upon
approaching saturation, as indicated by the shoulder in dM/dB (Figures 4c and 4d). The shoulder is
symmetrical with respect to the ascending and descending branches of the hysteresis loop and shifts
to higher fields, with 1 T at 100 K and 1.3 T at 40 K (Figure 4d). A similar noncollective way to reach
saturation as indicated by peaks in dM/dB was reported in the literature (Koulialias et al., 2016; Volk
et al., 2016). Based on XRD and magnetic data, Koulialias et al. (2016) attributed this behavior to two
different anisotropy systems stemmed from a 4C and an additional polymorph superstructure termed
as 5C*. A recent experimental and numerical study that combined TEM and magnetic torque data
revealed two different local anisotropy systems in the 4C pyrrhotite, and this in turn suggests that no
additional superstructure is needed to generate an inflection point (Koulialias, Charilaou, Schäublin,
et al., 2018). The two local anisotropy systems caused by two groups of Fe sites, which differ in their
positions to the vacancy sites, are further indicated by the incoherent out-of-plane spin rotation at
T < 200 K (Koulialias, Charilaou, Mensing, et al., 2018). Volk et al. (2016) proposed that the inflection
point, which also showed an angular dependence, is due to easy-axes switching in the c-plane somewhat
analogous to an isotropic point where the magnetocrystalline anisotropy constants change their signs.
No indication for such change, however, was found in the magnetic torque measurements by
Koulialias, Charilaou, Schäublin, et al. (2018). Moreover, the occurrence of inflection points in the hyster-
esis loops in a wide temperature range 35 to 20 K also argues against easy-axes switching and is in favor
of a heterogeneous anisotropy system.

At 30 K, M(B) increases coherently (Figures 4c and 4d). Considering the findings by Koulialias, Charilaou,
Schäublin, et al. (2018) and Koulialias, Charilaou, Mensing, et al. (2018), this behavior can be explained by
the interaction of the local anisotropy fields in the 4C pyrrhotite. This interaction is temperature dependent
and results in progressive magnetic hardening as indicated by the increase in Bc and Mr upon cooling
(Figures 4e and 4f). It is worth noting that the Bc behavior associated with the Besnus transition is different
from that of a single-crystal magnetite at the Verwey transition where a sharp increase in Bc points to a crys-
tallographic change (Özdemir, 2000). Continuous hardening, however, was reported for other 4C pyrrhotite
samples and was interpreted by annihilation of domains in the bulk material (e.g., Dekkers et al., 1989) or
by strong pinning that impedes DW motions (Kind et al., 2013). In our crystal, Bc at T ≤ 35 K can be fitted
by Bc

1/2 ∝T2/3 with a quality factor R2 = 0.994 (Figure 4e). Based on theoretical considerations, such relation
can be attributed to thermally activated unpinning (Gaunt, 1983). Here, it is worth noting that the law of Bc
increase in a pyrrhotite powder sample is different (Kind et al., 2013).
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The low-temperature transition is also manifested by a field-dependent magnetization jump in the tempera-
ture range between 40 and 20 K (Figures 5a and 5b). The relative increase in magnetization reaches a max-
imum in a B = 200mT field of about 30% and drops to 3% in a B> 2,000mT field (Figure 5b). The course of the
FC curves, however, points to a competition between the potential magnetization energy (Zeeman energy
Ez) and the anisotropy (Ean) energy (Koulialias, Charilaou, Schäublin, et al., 2018). The global or local minimum
in the FC curves at T ≈ 35 K marks a maximum in Ean, and the subsequent relative jump points to a pro-

nounced decrease in Ean. Considering the closure of the hysteresis loops,
DW motions critically affect the jumps at B < 300 mT. Moreover, the pro-
nounced decrease in Ean occurs in the same temperature range as the dis-
appearance of the shoulders in dM/dB (Figures 4c and 4d). Because the
shoulder most likely originates from the superposition of two anisotropy
systems, its disappearance can be explained by their interaction.
Koulialias, Charilaou, Schäublin, et al. (2018) showed that such interaction
generates an additional mixed energy term that acts against Ean and
results in the emergence of a fourfold magnetic rotational symmetry
found in 4C pyrrhotite at T < 40 K (Volk et al., 2016; Wolfers et al., 2011).
3.2.3. Dynamic Magnetic Properties
An insight into themagnetic dynamics of the low-temperature transition is
provided by magnetic AC susceptibility measurements (Figure 6). Over the
entire low-temperature range no frequency dependence was found. Both
the in-phase χ0 and the out-of-phase χ″, however, exhibit an amplitude
dependence between 300 and 32 K, which most likely originates from
DWmotion (Kind et al., 2013). Below 35 K, χ0 drops and forms a local mini-
mum at 33 K followed by a weak peak and a flattening at T< 30 K. With the
drop, the amplitude dependence declines and disappears at 30 K, and this
indicates an increase in the DW energy. The out-of-phase susceptibility χ″
with 0.1-mT amplitude reveals a similar decrease as observed for χ0. With
increasing amplitude, however, a peak in χ″ evolves and is well developed
in B = 1.5 mT at T = 34 K. The field-dependent gain in dissipation indicates
irreversible DW motions that start at T ≈ 35 K. The cessation of dissipative
processes below 34 K suggests then an enhancement in the total interac-
tion energy between the DWs and lattice defects, leading to a pinning
regime which causes significant hardening as documented in the contin-
uous increase in Bc at T < 35 K (Figures 4e and 4f).
3.2.4. Magnetic Remanence
Additional information about the demagnetization associated with the
change of the pinning regime is obtained from the temperature depen-
dence of Mr acquired in a 3-T field at 300 and 10 K, referred to as

Figure 5. (a) FC magnetizations in the c-plane; (b) relative increase in the FC magnetization between 40 and 20 K as a
function of the applied magnetic field.

Figure 6. Amplitude dependence of the ac susceptibility in the c-plane of
the NiAs-type substructure as a function of temperature with (a) in-phase
susceptibility χ0 and (b) out-of-phase susceptibility χ″.
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isothermal remanent magnetization IRM3T_300K and IRM3T_10K, respectively (Figure 7). Upon cooling, the
IRM3T_300K begins to decrease at about 200 K with a distinct drop between 40 and 30 K, followed by a
nearly constant behavior (Figure 7a). The loss of remanence is most likely due to changes in Ean that cause
irreversible rotations of magnetic moments in the domains. The enhanced decrease in IRM3T_300K, with a
maximum slope at T = 34 K that simultaneously occurs with a maximum dissipation (Figures 6b and 7a),
suggests a new anisotropy regime. Such a regime was explained by an emergent mixed energy term
caused by interacting local anisotropy fields in the 4C pyrrhotite (Koulialias, Charilaou, Schäublin, et al.,
2018). This interpretation is in line with the disappearance of the shoulders in dM/dB at T < 40 K and the
generation of strongly pinned DWs. In the temperature range (T ≤ 30 K) with interacting local anisotropy
fields the cooling and heating IRM3T_300K curves are congruent (Figure 7a). With this in mind the
bifurcation upon warming marks the cessation of the local anisotropy field interactions, and this in turn
triggers again changes in the domain configuration.

The IRM3T acquisition at 10 K after ZFC induces a new domain configuration in the crystal. The relatively high
ratio of 0.8 between ZFC IRM3T_10K andM3T suggests that only a few of the DWs are pinned in the bulk mate-

rial and the majority is at the surface (Figure 7b). The ZFC IRM3T is about
10% higher compared to the remanent magnetization acquired at 10 K
after FC in a 3-T field. Such behavior was described for other multidomain
magnetic phases and explained for magnetite and titanomagnetite
by changes in the pinning regime due to interactions between
crystallographic twins and magnetic domains (Carter-Stiglitz et al., 2006;
Church et al., 2011; Kasama et al., 2010). Apart from twins, our crystal
contains numerous nonparallel lamellae caused by mechanical
deformation, which can lead to additional pinning sites (Figure 2). The
lower remanence in the FC case, where the initial condition for the
remanence acquisition is a quasi-single domain state, could therefore be
a field-induced effect that promotes pinning at mechanical defects. This
interpretation accords with the observation that in powder samples of
multidomain pyrrhotite with less mechanical defects, the decay of the
IRM acquired at 10 K under ZFC and FC conditions has a congruent
behavior (Kind et al., 2013). In our pyrrhotite sample, the magnetic
hysteresis parameters Bc and Mr/M2T are nearly identical for the ZFC and
FC cases and, as in the IRM experiment, the Mr value is also higher in the
ZFC case (Figure 8). The striking decrease of ZFC IRM3T_10K and FC-
acquired remanence upon warming to 35 K is indicative of DW motions
into the pyrrhotite crystal. The loss in remanence upon heating exhibits

Figure 7. (a) Cooling (blue circles) and heating (red circles) cycle of isothermal remanent magnetization acquired in a 3-T field at 300 K and recorded in a 2-mT
field, with the first derivative of the cooling curve between 25 and 45 K as inset; (b) heating curve of isothermal remanence acquired at 10 K in a 3-T field after
zero-field cooling (ZFC) of the sample (red dots) and after field cooling (FC) of the sample in a 3-T field (red circles), with the two steps of remanence decay up to
35 K shown in the inset. The slightly negative values of IRM3T_10K are induced by the residual field in the coil.

Figure 8. Hysteresis curves recorded at 10 Kup to a 2 T field after zero-field
cooling (ZFC; green dots) and after field cooling (FC; purple circles), reveal-
ing with slightly different remanent magnetizations (inset).
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two steps, a relatively flat decrease up to 32 K followed by a drop to 35 K (Figure 7b). In the flat part the con-
verging decay of the remanences after ZFC and FC points to slight variations of the induced pinning regimes,
probably due tomechanical defects. The congruent drop between 32 and 35 K of the ZFC and FC curvesmarks
then the formation of a pinning regime that is generally unaffected by the mechanical crystal defects.

4. Conclusions

In 4C pyrrhotite the defective Fe sites form a superstructure with alternating stacking of full and vacancy
sublattices that yields complex magnetic properties with a characteristic low-temperature transition. Our
single crystal from the Swiss Alps with a composition of Fe6.97S8 has a crystallographic structure that can
be perfectly described in the space group F2/d. In TEM the crystal exhibits substantial twinning and micro-
sized mechanical defects that perturb the overall stacking modulation in the 4C pyrrhotite. The analyses of
the static and dynamic magnetizations and the remanence properties in the c-plane of the pyrrhotite crystal
demonstrate that this micro-sized mechanical perturbation has no critical effect on the Besnus transition at
T ≈ 32 K. The magnetization data show that the hardening of the 4C pyrrhotite below the transition is
continuous and occurs simultaneously with the disappearance of the shoulder in dM/dB detected in the
hysteresis loops between about 100 and 35 K. The discontinuity of dM/dB found over such a wide
temperature range is difficult to explain by easy axis switching associated with a crystallographic change
at the Besnus transition, as it is generally postulated in the rock magnetic literature (Volk et al., 2016;
Wolfers et al., 2011). The model by Koulialias, Charilaou, Schäublin, et al. (2018) and Koulialias, Charilaou,
Mensing, et al. (2018) offers an alternative interpretation that accords with the magnetic behavior of 4C
pyrrhotite at low temperature. This model explains the transition by the interaction of different local
magnetic anisotropy fields in the 4C pyrrhotite that stem from the arrangement of the Fe atoms and their
spatial relation to the vacancy sites. Changes in the magnetic interaction pattern at T ≈ 32 K could theoreti-
cally be caused by changes in the Fe-Fe electron-orbital overlap and/or by superexchange interactions
(Goodenough, 1963; Lyubutin et al., 2011; Sakkopoulos et al., 1986). The link of the electron-orbital geometry
and the change in static magnetization properties proposed by Koulialias, Charilaou, Schäublin, et al. (2018)
and Koulialias, Charilaou, Mensing, et al. (2018) agree well with the electronic properties reported for the
Besnus transition (e.g., Besnus &Meyer, 1964; Charilaou et al., 2015). Themagnetic anisotropy field interaction
is also manifested in the dynamic magnetization, which indicates a new pinning regime of the DWs asso-
ciated with the transition. Given the above, the magnetic response of the Besnus transition mirrors a nontri-
vial system of Fe sites with different local anisotropy fields in a highly ordered defective crystallographic
structure. With this in mind the physical processes behind the Besnus transition are different to those of
the Verwey and Morin transitions, which are the two other important transitions in rock and mineral
magnetism. The novel interpretation of the magnetic response of the Besnus transition does not hinder its
use as a diagnostic feature to detect 4C pyrrhotite in rock bodies. In fact, the effect of the Fe structural
arrangement on the magnetic properties may be used to open a new path to further constrain processes
of the pyrrhotite formation in geological and extraterrestrial systems.
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