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S U M M A R Y
Monoclinic 4C pyrrhotite (Fe7S8) is ferrimagnetic due to an ordered defect structure with
alternating vacancy and vacancy-free sublattices. Its low-temperature magnetic transition near
35 K is characterized by the distinct increase in coercivity and remanent magnetization. The
increase of these parameters has been attributed to changes in the domain wall structure. We
present static and dynamic magnetization data of a powder sample to study the domain-wall
dynamics across the low-temperature transition. The amplitude-dependent ac susceptibility
and the ferromagnetic resonance spectroscopy indicate that the hardening of the domain-wall
pinning at the transition occurs simultaneously with the decrease in initial saturation remanent
magnetization. These two effects are explained by the enhanced inhomogeneity of the bulk
material caused by the persistency of the ordered vacancies and by newly formed defects due
to localized distortion of Fe(II) sites in the vacancy-free sublattice. The generated localized
defects are the link between the domain wall dynamics and the low-temperature transition in
4C pyrrhotite.

Key words: Magnetic mineralogy and petrology; Rock and mineral magnetism; Defects.

1 I N T RO D U C T I O N

Pyrrhotite (Fe1 − xS) refers to a non-stoichiometric iron sulphide
with a compositional range x varying between 0.08 and 0.125.
Pyrrhotite has attracted increasing interest in rock and palaeomag-
netism, because this monosulphide is an important remanence car-
rier in the Earth’s crust where it commonly occurs as accessory
mineral in metamorphic and pegmatitic rock bodies and as a major
constituent in sulphide ore deposits (Hall 1986; Rickard & Luther
2007). Moreover, pyrrhotite is also known from extraterrestrial ma-
terials such as chondrites and interplanetary dust particles (e.g.
Bradley 1988; Zolensky & Thomas 1995; Rochette et al. 2001).
The magnetic properties have been used to detect pyrrhotite in geo-
logical systems (Fillion & Rochette 1988; Rochette et al. 1990) and
as a proxy to infer pressure-induced processes in the crust, probably
caused by shock waves related to impacts (Vaughan & Tossell 1973;
Kontny et al. 2000; Gattacceca et al. 2007; Louzada et al. 2010;
Gilder et al. 2011).

The investigation of natural pyrrhotite has revealed a variety
of chemical compositions with hexagonal structure and antiferro-
magnetic ordering or monoclinic structure and ferrimagnetic order-
ing (Arnold 1967; Pearce et al. 2006). The stoichiometric mono-
sulphide troilite (FeS) crystallizes in a hexagonal structure that
bases upon the NiAs structure (e.g. Bertaut 1953; Carpenter &

Desborough 1964; Hafner & Kalvius 1966; Wang & Salveson
2005). With departure from stoichiometry by removing di-valent
Fe cations from octahedral sites, the layer stacking remains hexag-
onal with respect to the S atoms and the vacancy-bearing layers
determine the structural and magnetic properties of the pyrrhotite.
In Fe7S8, a predominant mono-sulphide in geological systems, the
omission of Fe(II) leads to a superstructure, in which vacancies are
arranged in alternating layers along the c-axis with those free of
vacancies (Bertaut 1953; Li et al. 1996; Powell et al. 2004). The
dimension of this supercell along the c-axis is four times that of
the NiAs structure with a small distortion of the interaxial angle
that lowers the symmetry from hexagonal to monoclinic (Tokonami
et al. 1972; Powell et al. 2004). Thus Fe7S8 is denoted as monoclinic
4C pyrrhotite.

The 4C pyrrhotite with stacked layers of Fe(II) and S ions shows
strong ferrimagnetic behaviour below the Curie temperature of
about 600 K that originates from uncompensated moments between
alternating vacancy and vacancy-free layers. The cations have ferro-
magnetic coupling within the layers and antiferromagnetic coupling
between adjacent layers (Néel 1953). Monoclinic pyrrhotite reveals
an intrinsic low-temperature transition at about 35 K, which can
be magnetically detected by a distinct demagnetization and by the
drastic increase in the hysteresis parameters Bc and Mr upon cooling
(Fillion & Rochette 1988; Dekkers 1989; Rochette et al. 1990). At

C© The Authors 2013. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1
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room temperature the magnetization of the 4C pyrrhotite exhibits a
strong uniaxial anisotropy with the easy magnetization direction in
the (001) basal plane and the hard axis of magnetization along the
crystallographic c-axis (Weiss 1907; Bin & Pauthenet 1963; Sato
et al. 1964). The pronounced uniaxiality critically affects the do-
main structure. Studies using the Bitter pattern technique revealed
wide domains separated by 180◦ walls (Soffel 1981; Halgedahl &
Fuller 1983; O’Reilly et al. 2000). Halgedahl & Fuller (1983) stud-
ied the domain-walls in applied fields and they showed two different
cases, particles with fully developed, reversible walls and particles
that are partially controlled by the absence of nucleation, which pro-
hibits the generation of discernible domain-wall patterns, probably
due to strong energy traps near the grain surface. This is consid-
ered as a metastable single-domain state at remanence (Halgedahl
& Fuller 1983). Dekkers (1989) reported a grain-size dependent
increase of the characteristic coercivity of the hysteresis associated
with the low-temperature transition that they interpreted as domain
effect, that is, a conversion of a multidomain state into a pseudo-
single-domain or single-domain state below the transition. Given
the above, the question arises of the relation between intrinsic low-
temperature transition and domain-wall dynamics, which is of inter-
est when taking this transition as characteristic for the identification
of 4C pyrrhotite particles in terrestrial and extraterrestrial systems.
In this study, we exploit the static and dynamic magnetic response
of multidomain 4C pyrrhotite in order to evaluate its domain-wall
properties at low temperature.

2 S A M P L E A N D M E T H O D S

In this study, we used a pyrrhotite specimen from the Dalnegorsk ore
field in Russia, where a large variety of sulphide minerals formed
during skarn-type mineralization. A powder sample was produced
from a centimetre-sized single crystal by crushing and grinding in
an agate mortar. The composition of the pyrrhotite was magnet-
ically inferred from the Curie temperature using a multifunction
kappabridge with an applied field of 300 A m−1 and a frequency of
875 Hz (MKF-1). The static magnetic properties of the pyrrhotite
between 300 and 10 K were analysed by magnetization and rema-
nence experiments. The temperature behaviour of the saturation
isothermal remanent magnetization (SIRM) acquired in a 1.5 T
field at 300 K, termed as initial SIRM, was measured down to 10 K.
In addition, the SIRM measurements followed the zero-field cooled
(ZFC)/field cooled (FC) protocol by Moskowitz et al. (1993), where
the sample is first cooled in a zero field to 10 K followed by acquiring
a magnetization in a 2.5 T field and then warming to room tempera-
ture in the absence of a field. The same procedure was repeated while
the 2.5 T field was applied during cooling. Magnetization curves
were obtained in fields of up to 1.5 T at selected temperatures and
the hysteresis parameters, including saturation magnetization (Ms),
saturation remanence (Mr) and coercivity (Bc) were recorded. It is
worth noting that Ms is a pseudo-saturation, because the powder
sample is not fully saturated in the 1.5 T field. To avoid effects of
the magnetic history on the hysteresis parameters, prior to every
hysteresis loop the sample was warmed up to room temperature
and a remanence was acquired using a 1.5 T field. In addition, the
hysteresis loops at 10 K were recorded after FC in a 1.5 T field.
All experiments were performed using a Quantum Design Physical
Property Measurement System (PPMS) with a 9 T superconducting
magnet.

The dynamic magnetic properties of the sample were determined
by frequency as well as amplitude dependence of the low-field ac

susceptibility (amplitude 0.1–1.5 mT, frequency 10–10 000 Hz) and
ferromagnetic resonance (FMR) spectroscopy in the temperature
range as above. The amplitude dependence of the in- and the out-
of-phase (χ ′, χ ′ ′) susceptibilities were analysed on the same sample
as used in the static measurements using the PPMS with a resolution
of 1 K between 10 and 300 K and in high resolution of 0.1 K between
15 and 50 K.

The dynamic magnetic analyses were complemented by FMR
experiments. In FMR spectroscopy, the precessional motion
(Larmor precession) of the magnetization in an external magnetic
field is sustained by a microwave magnetic field, perpendicular to
the external field (e.g. Kittel 1948; Vonsovskii 1966). In a field-
sweep experiment, resonance occurs when the Larmor precession
frequency equals the microwave frequency. The resonance equation
can then be written as � ν = geff μB Beff, where � is the Planck’s
constant, ν is the microwave frequency, μB is the Bohr magneton
(9.274 × 1024 Am2), geff is the gyromagnetic factor, and Beff is
the effective field. This field is the sum of the applied dc mag-
netic field and the internal field of the sample that contains differ-
ent contributions such as demagnetization field (shape anisotropy),
magnetocrystalline anisotropy field, and magnetostrictive energies.
The last contribution can be neglected because pyrrhotite exhibits
no remarkable magnetostriction (Dunlop & Özdemir 1997; Powell
et al. 2004). In a powder sample, the crystallites are oriented ran-
domly and each fulfils a specific resonance condition, such that the
measured net signal is the superposition of all resonance events.
The effective field Beff at maximum absorption is defined as the
resonance field Bres and is obtained from the zero-crossing in the
derivative spectrum (point of inflection). The corresponding split-
ting factor defined as geff can be extracted using the above resonance
equation. For the FMR measurements the powder sample was fixed
with paraffin in a standard ESR quartz glass tube with a diameter of
4 mm. The spectra were recorded using a Bruker E500 spectrom-
eter working at the X-band (microwave frequency of 9.47 GHz) in
a dc field between 5 and 700 mT. The temperature of the sample in
the cavity was controlled by means of a helium gas-flow cryostat
ESR 910 (Oxford Instruments), which allowed performing measure-
ments between 10 and 300 K. A modulation amplitude of 1 mT and
a microwave power of 0.063 mW were used for the measurements.
The low-temperature series was obtained after cooling the sample
in the spectrometer cavity to 10 K while the magnet was switched
off, measuring the spectrum, and then subsequent recording of the
spectra at higher temperatures. In addition spectra were recorded at
10 K in a ZFC/FC experiment that included cooling the sample in
the cavity in the absence of a magnetic field, followed by warming up
the sample to 300 K and cooling again to 10 K in a 700 mT field.

3 R E S U LT S A N D D I S C U S S I O N

Fig. 1 shows the high-temperature susceptibility measurements of
the powder sample. The warming curve exhibits an increase above
500 K, followed by a drop at 596 K, which is considered to be the
Curie temperature (Tc) of 4C pyrrhotite (Haraldsen 1941; Schwarz
& Vaughan 1972). The increase prior to Tc is probably due to struc-
tural reorganization of the vacancies (e.g. Li et al. 1996). The decay
of the magnetization at Tc is caused by long-range disorder of va-
cancies associated with the structural change. This link between
structural change and magnetic ordering was shown experimentally
by neutron diffraction (Powell et al. 2004). The well-defined Tc sug-
gests that our powder sample consists of 4C pyrrhotite, and other
non-stoichiometric iron sulphides can be neglected. The difference
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Domain-wall dynamics in 4C pyrrhotite 3

Figure 1. Magnetic susceptibility upon heating and cooling with the Curie
temperature at 596 K.

between the heating and cooling curves of our 4C pyrrhotite reveals
a loss of magnetization when cooling the sample from T > Tc. This
loss can be explained by relatively slow diffusion that impedes the
formation of alternating vacancy and vacancy-free layers during
fast cooling through the Tc (Bennett & Graham 1981).

3.1 Static magnetic properties

The initial SIRM cooling curve between 300 and 10 K shows a
maximum at about 150 K and a pronounced drop of about 20 per
cent between 40 and 25 K (Fig. 2a). The ZFC-FC SIRM warming
curves between 10 and 300 K are similar and show a remanence
decay of about 90 per cent up to 36 K (Fig. 2b). At higher tem-
peratures the decrease is continuous with relative flattening above
150 K. At 300 K, 2 per cent of the acquired remanence is preserved.
The kink at 36 K marks the magnetic transition. The ZFC and FC
warming curves up to the transition are similar with a nearly linear
decay between 10 and 20 K (Fig. 2). The marked low-temperature
behaviour is also seen in the magnetic hysteresis parameters. At
room temperature Ms = 21.23 Am2 kg−1, Mr = 1.23 Am2 kg−1, and

Figure 2. (a) Cooling of the initial saturation isothermal remanent magne-
tization (SIRM) and (b) the SIRM warming curves after ZFC (squares) and
FC (circles).

Figure 3. Hysteresis loops at (a) 300 K and (b) 10 K.

the coercivity Bc = 3.2 mT (Fig. 3a). The saturation magnetization
remains nearly constant over the whole temperature range. Similar
values were reported for pyrrhotite from different geological sites
(Dekkers 1988). It is worth noting that the magnetic moment in the
powder sample is not fully saturated in a 1.5 T field (Fig. 3). This is
in agreement with experimental and theoretical results that showed
the hard magnetization along the [001] axes has a nearly param-
agnetic behaviour (Besnus et al. 1968; Weiss 1907). Furthermore,
the Mr/Ms ratio is 0.06. The hysteresis parameters are indicative of
pyrrhotite in a multidomain state. At 10 K after ZFC, the hystere-
sis parameters are Ms = 21.32 Am2 kg−1, Mr = 14.47 Am2 kg−1,
Mr/Ms = 0.68 and Bc = 70.9 mT (Fig. 3b). The hysteresis param-
eters after FC in a 1.5 T field exhibit no significant changes. The
initial magnetization after FC considered as Mr at 10 K, however,
was more than one magnitude higher than after ZFC with the initial
magnetization of 0.22 Am2 kg−1, that is, the inherited Mr acquired
at 300 K.

The hysteresis parameters show a drastic change between 10
and 36 K. Upon heating to 20 K, the Bc halves, Mr and Mr/Ms de-
crease to 11.40 Am2 kg−1 and 0.53, respectively (Table 1). This
change coincides with the linear decay of the SIRM upon heating
(Fig. 2b). At higher temperatures the hysteresis parameters further
decrease and at 36 K, Bc = 7.8 mT and Mr/Ms = 0.13. Up to 150 K
a slight decrease is found, and between 150 and 300 K the hystere-
sis parameters are stable as also indicated by the nearly linear be-
haviour of the ZFC/FC SIRM curves (Fig. 2; Table 1). Furthermore,
the temperature dependence of Bc accompanied with the transition
can be described by an exponential fit Bc(T) = B0 exp(αT) with
B0 = 156 mT and the constant α = −0.08 (Fig. 4). The exponential
temperature dependence of Bc can be due to domain-wall dynam-
ics (Mukherjee et al. 2000), but such behaviour can also originate
from intrinsic exchange interactions as reported for hemo-ilmenite
solid solutions (Charilaou et al. 2011). Because pyrrhotite ex-
hibits no temperature dependence of the pseudo-Ms, the exponential
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4 J. Kind et al.

Table 1. Hysteresis and FMR parameters of the powder sample. At 10 K,
the hysteresis and FMR parameters were determined after ZFC (1) and
FC (2).

Temp. Bc Mr Ms Bres geff

(K) (mT) (Am2 kg−1) (Am2 kg−1) (mT)

10 (1) 70.9 14.47 21.32 200.8 3.51
10 (2) 70.9 14.47 21.40 200.8 3.51
20 34.6 11.40 21.49 206.4 3.42
25 20.9 9.39 22.46
30 11.6 6.10 22.37 211.8 3.33
33 9.3 3.86 21.49 214.2 3.29
36 7.8 2.64 21.05 215.9 3.27
38 218.2 3.23
40 7.5 3.33 20.79 218.9 3.22
50 5.5 2.81 21.58 227.2 3.10
70 236.7 2.98
90 241.7 2.92
120 246.8 2.86
150 3.3 2.19 21.58 251.0 2.81
180 254.5 2.77
210 258.5 2.73
230 260.8 2.70
300 3.2 1.23 21.23 267.8 2.63

Figure 4. Temperature dependence of Bc at temperatures between 10
and 50 K and its exponential fitting function Bc(T) = B0 exp(αT) with
B0 = 156 mT and α = −0.08.

increase of Bc is attributed to the domain-wall dynamics. Consider-
ing the static measurements it can be summarized that the pyrrhotite
powder sample shows a well-defined transition at 36 K and at lower
temperature the magnetic hardness of the samples is mainly affected
by the domain-wall dynamics.

3.2 Dynamic magnetic properties

The ac susceptibility exhibits below 36 K a drop followed by a weak
peak in the χ ′ that is associated with a peak and a shoulder in the χ ′ ′

(Figs 5a and b). The in-phase component has no frequency depen-
dence, whereas the out-of-phase component shows a weak depen-
dence down to 36 K (Fig. 5a). In contrast, an amplitude dependence
was found for both, the in-phase and the out-of-phase component
above 25 K (Fig. 5b). This dependence suggests reversible domain-
wall oscillation in the pyrrhotite grains (Worm et al. 1993; Jackson
et al. 1998). The field dispersion of χ ′ and χ ′ ′ is nearly constant

down to about 36 K, where the low-temperature transition of the 4C
pyrrhotite is indicated by the drop of χ ′ and a cusp in χ ′ ′ (Fig. 5b).
At lower temperature the field dispersion narrows, and vanishes at
25 K. This suggests that the domains are smeared out upon freezing
or their walls are strongly pinned, so that the total interaction energy
of the domain-walls with the lattice defect is significantly increased.

In the following, FMR spectral properties are used to obtain fur-
ther insight into the domain properties of the pyrrhotite sample.
At 300 K, the X-band FMR spectrum exhibits Bres = 267.8 mT,
corresponding to geff = 2.63, and the peak-to-peak line-width
�B = 231 mT (Fig. 6). Rotation of the sample tube in the cav-
ity shows nearly no spectral change as it is expected for powder
samples. The few published X-band FMR spectra of monoclinic
pyrrhotite exhibited non-unique absorption properties (e.g. Mikhlin
et al. 2002; Chang et al. 2012). Fujimura & Torizuka (1956) reported
a FMR spectrum of a pyrrhotite single crystal along the easy axis
of magnetization in the (001) plane with a very broad line-width
that was assigned to magnetic interactions of microcrystals within
the sample. It has to be mentioned that in X-band FMR spectra the
pyrrhotite bulk material is not saturated because of the large uniax-
ial anisotropy with easy magnetization direction in the (001) plane
and a hard magnetization direction along the [001] axis (Bin & Pau-
thenet 1963). Therefore, to obtain meaningful X-band FMR spectra,
perfect single crystals with well-defined anisotropy axes or powder
samples with randomly distributed anisotropy axes should be used.
In the latter case, anisotropy properties cannot be extracted quantita-
tively, but semiquantitative information about structural properties,
such as domain-walls and impurities/point-defects of the bulk sam-
ple, can be inferred.

In FMR experiments on multidomain particles, the low-field ab-
sorption is affected by domain-wall motions (Rado et al. 1950;
Gehring et al. 2009). Bitter patterns of pyrrhotite at room tem-
perature revealed that domain-walls are generally moved out of
the grains in fields of up to about 200 mT (Halgedahl & Fuller
1983). Considering domain-wall motions in applied fields, it can
be assumed that Bres of 231 mT at 300 K arises from grains in a
single-domain-like state. In such a state the demagnetization field
of a grain is enhanced compared to the remanence state, where the
grain is a multidomain. The demagnetization field is opposite to
the external field and, therefore, the stronger the demagnetization
field, the higher the Bres and the lower the geff. The FMR spectra
obtained from our pyrrhotite sample are nearly identical after re-
peated recording at 300 K. This suggests a domain-wall dynamics
with reversible nucleation upon removal of the magnetic field. In
contrast, the FMR spectra recorded at 10 K are different after ZFC
and FC in a 700 mT field (Fig. 6). In the ZFC case the spectral
recording starts from a nearly demagnetized state, whereas FC gen-
erates a relatively strong remanence magnetization. Both spectra
have Bres = 200.8 mT and nearly identical high-field absorptions,
B > Bres (Fig. 6; Table 1). In the low-field range (B < Bres) the ZFC
sample exhibits an increasing absorption with an inflection point
at about 70 mT, whereas the sample after FC exhibits a concave-
shaped absorption (Fig. 6). The different low-field behaviour can
be explained by the change of the domain structure after applying a
field of 0.7 T. In the newly formed domain structure more spins are
aligned to the external field and these spins fulfill the resonance con-
ditions at lower fields. Mastrogiacomo et al. (2010) described such
remanence effect in FMR spectra obtained from magnetite chains.
For the pyrrhotite sample the remanence effect is compensated at
B = 170 mT, where the ZFC/FC FMR spectra merge (Fig. 6). Given
this, the shape of the FMR absorption in the low-field range of the
ZFC sample is used as a measure of the different pinning energies

 at E
T

H
 Z

Ã
¼

rich on A
ugust 7, 2013

http://gji.oxfordjournals.org/
D

ow
nloaded from

 

http://gji.oxfordjournals.org/


Domain-wall dynamics in 4C pyrrhotite 5

Figure 5. (a) Frequency and (b) amplitude dependence of the in-phase (χ ′) and out-of-phase (χ ′ ′) ac magnetic susceptibility as a function of temperature.

Figure 6. Ferromagnetic resonance spectra recorded at 300 K and 10 K after
ZFC and FC. The inflection point in the low-field range is marked by an
arrow.

of domain-walls, and that in turn has been considered as the micro-
coercivity of a sample (Xu & Merrill 1990). The inflection point at
about 70 mT can then be taken as average microcoercivity (Fig. 6).
Xu & Merrill (1990) showed for a magnetite that the average mi-
crocoercivity is equal to Bc of the bulk material with relatively
hard-pinned 180◦ domain-walls. This correlation is in accordance
with the low-field FMR data and Bc = 70.9 mT obtained from our
sample at 10 K (Fig. 6; Table 1).

Fig. 7 shows the low-temperature FMR series between 10 and
300 K. Upon warming the FMR spectra slightly narrow and Bres

shifts to higher values. The shift of Bres with temperature can be
schematically subdivided into two ranges. Between 90 and 300 K,
Bres increases nearly linearly. Below 70 K a pronounced change of
Bres is indicated by the maximum slope at 38 K (Fig. 8). Changes
of Bres are generally caused by magnetocrystalline and/or shape

anisotropy (demagnetization field). Comparing the shift of Bres with
the temperature-dependent magnetocrystalline anisotropy constants
K3 and K4 (Bin & Pauthenet 1963), no clear correlation is evident.
Therefore, it is feasible to postulate that the change of Bres is criti-
cally affected by the demagnetization field. In multidomain particles
demagnetization is determined by the domain structure. Domains
reduce the demagnetization field and in turn the internal field in
powder samples. This can explain the shift of Bres between 10 and
300 K. The strongest demagnetization field at 300 K is because
at Bres = 267.8 mT the grains are in a single-domain-like state.
Domain-walls that remained pinned in the grains can then cause the
decrease of Bres. Below 70 K this effect becomes more pronounced
and the highest increase of strongly pinned domain-walls in the
grains occurs at 38 K, close to the low-temperature transition. At
10 K, Bres is reduced by about 25 per cent that points to marked
departure from the metastable single-domain state at 300 K.

4 D O M A I N - WA L L DY NA M I C S A N D L OW
T E M P E R AT U R E T R A N S I T I O N

The low-temperature magnetic transition in our monoclinic
pyrrhotite at 36 K is characterized by the decrease of the initial
SIRM and by marked changes of the hysteresis parameters. A sim-
ilar behaviour of the magnetic properties was reported previously
(Fillion & Rochette 1988; Dekkers et al. 1989; Rochette et al. 1990).
Considering the hysteresis parameters, the increase in Bc and Mr as-
sociated with the magnetic transition is similar to that observed for
the classical Verwey transition in magnetite (Verwey 1939; Özdemir
& Dunlop 1999). Therefore, it was postulated that the transition in
pyrrhotite is of Verwey-like type with a structural change and a
subsequent marked increase of the magnetocrystalline anisotropy
(Fillion & Rochette 1988). Wolfers et al. (2011) proposed that the
magnetic transition corresponds to a structural change from mon-
oclinic at room temperature to triclinic at low temperature. This
contradicts the neutron diffraction results by Powell et al. (2004)
that showed no change of the crystallographic structure at low
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Figure 7. The evolution of the ferromagnetic resonance spectra between 10
and 300 K.

temperature and by the low temperature behaviour of the mag-
netocrystalline anisotropy constants K3 and K4 (Bin & Pauthenet
1963). Evidence for the absence of a crystallographic change at
the low-temperature transition can be deduced by comparing the
ZFC/FC SIRM data of pyrrhotite with those of magnetite. The lat-
ter exhibits below the Verwey transition a different behaviour of the
ZFC and FC SIRM curve (e.g. Moskowitz et al. 1993; Özdemir &
Dunlop 1999; Fischer et al. 2008). This difference is due to the struc-
tural change from cubic to monoclinic and the shift of the magnetic
easy axes from [111] to [001] associated with the Verwey transition
(Muxworthy & McClelland 2000; Wright et al. 2002). In contrast
the nearly identical ZFC and FC SIRM curves for our monoclinic
pyrrhotite indicates no detectable symmetry change below the tran-
sition (Fig. 2b). Moreover, no frequency dependence in the ac sus-
ceptibility is observed below the transition (Fig. 5a). This behaviour
is not in accordance with that of the Verwey transition and suggests
different physical mechanisms in 4C pyrrhotite and magnetite at
low temperature (e.g. Fischer et al. 2008; Özdemir et al. 2009).
Furthermore, the absence of structural change at the transition is
supported by Bres of the FMR spectra at 10 K. For pyrrhotite, Bres

is identical for the ZFC and FC case, whereas for magnetite, Bres of
the FC spectrum is shifted towards lower field compared to the ZFC
spectrum (Gehring et al. 2011). Because the magnetocrystalline

Figure 8. Resonance field Bres as a function of temperature. The maximum
slope at 38 K in the low temperature range was determined by the first
derivative (red) of the fitted (blue) curve.

anisotropy field contributes to Bres, identical values for pyrrhotite
also argue against a change of the crystallographic structure.

Neutron diffraction data of a powder sample by Powell et al.
(2004) provided direct evidence that the magnetization easy axes
in 4C pyrrhotite are in the (001) plane at 300 K and they are ro-
tated by 29◦ towards the [001] axis at 11 K. Bin & Pauthenet (1963)
calculated the rotation out of the (001) basal plane, using the magne-
tocrystalline anisotropy constants K3 and K4 according to θ0 = arc
cos (−K3/2K4)1/2. They found an overall rotation of about 18◦,
which is significantly lower than the value obtained from neutron
diffraction (Powell et al. 2004). Using the above equation, however,
the rotation starts at about 205 K and decreases linearly down to
about 40 K. At lower temperatures, the rotation is less than 1◦. This
behaviour suggests that the low-temperature demagnetization in 4C
pyrrhotite is not directly affected by the spin rotation out of the
(001) plane as known for the Morin transition in hematite (Morin
1950; de Boer et al. 2001). Considering the above line of argumen-
tation the domain wall dynamics at the low-temperature transition
is neither controlled by a change of the crystallographic lattice nor
by spin rotation. Moreover, the simultaneous occurrence of the de-
creasing initial SIRM upon cooling and changes in the domain wall
dynamics suggest a link between the two phenomena.

Gilder et al. (2011) reported decreasing SIRM of multidomain
4C pyrrhotite under high pressure. Mössbauer data indicate that the
effect of pressure on the magnetic properties is due to the high-spin
to low-spin spin crossover of Fe(II) in octrahedral sites (Vaughan
& Tossell 1973; Takele & Hearne 2001). In our sample, the be-
haviour of Ms at low temperature argues against a spin crossover in
the Fe(II) sites of the vacancy and vacancy-free layers. Mössbauer
spectroscopy under ambient pressure provides evidence for changes
in the ligand fields of the Fe(II) sites in the vacancy-free layers below
the transition (Oddou et al. 1992). This has been explained by invok-
ing a Jahn-Teller effect. Considering the structure of 4C pyrrhotite,
this effect is likely localized in the vicinity of the vacancies. Such
localized effect would enhance the structural inhomogeneity and
probably cause the drop of the initial SIRM at the transition. With
this in mind, the cusp in χ ′ ′ can then be attributed to the dissipa-
tion due to localized structural changes in the vacancy-free layers
(Figs 5a and b). The amplitude dependence of χ ′ ′ shows that the do-
main wall dynamics are affected by the transition. The cease of the
field dispersion at 25 K indicates the loss of domain-wall oscillation,
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that is, hardening of the pinned domain-walls. This magnetic hard-
ening below the transition agrees well with the exponential temper-
ature dependence of Bc, because the coercivity field is related to the
total interaction energy of 180◦ domain-walls with lattice defects
(Kronmüller & Fähnle 2003). Given this, the localized structural
changes generate defects that enhance the domain-wall pinning.

5 C O N C LU S I O N

The domain-wall dynamics in 4C pyrrhotite is associated with the
low-temperature transition. The loss of the domain-wall reversibility
and the subsequent hardening of domain-wall pinning below the
transition are explained by the enhanced structural inhomogeneity
of the material. This enhancement originates from the persistence
of the lattice defects in the vacancy layers and from distorted Fe(II)
sites formed in the vacancy-free layers at low temperature. The
simultaneous occurrence of the decreasing initial SIRM and the
cease of the domain wall dynamics are both critically affected by
the localized structural changes in the vacancy-free layers of 4C
pyrrhotite.
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Dekkers, M.J., Mattéi, J.-L., Fillion, G. & Rochette, P., 1989. Grain-
size dependence of the magnetic behavior of pyrrhotite during its low-
temperature transition at 34 K, Geophys. Res. Lett., 16, 855–858.
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