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ABSTRACT

Superstructures with modulated vacancy order are a characteristic trait of the pyrrhotite solid-
solution series (Fe1–xS, 0< x≤ 0.125), and they strongly affect the magnetocrystalline anisotropy that
causes Fe-spin rotation. The effect of a stochastic vacancy order and the resulting structural heteroge-
neity at the atomic level on the magnetization is not resolved yet in detail. Here, we demonstrate that a
thermally tailored antiferromagnetic pyrrhotite made up of fivefold and sixfold stacking modulations
with five different Fe-vacancy ordering variants forms two distinct vacancy ordering schemes that
govern the spin rotation. A field-dependent thermomagnetic anomaly between 220 and 170 K and a
secondary hysteresis loop in the magnetization curve in a field of around 3 Tesla provide compelling
evidence for two different Fe-spin rotation patterns. The simultaneous occurrence of the magnetic
anomaly and two enthalpy changes link the magnetocrystalline anisotropy to structural distortions
of Fe–Fe bonds in the vacancy-ordering schemes, thereby explaining the presence of the two spin rota-
tion patterns. This finding highlights magnetic effects induced by vacancy order and underscores
the relevance of its architecture in a key sulfide material extensively used in geoscience and cosmology
and with potential for technical applications.

Keywords: Pyrrhotite, fivefold and sixfold modulated stacking, Fe-vacancy ordering variants,
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INTRODUCTION

The properties of materials are critically affected by defects
and disorder, which can come at different length scales and
dimensions and are oftentimes deliberately introduced to
improve the material performance or provide novel physical
phenomena. Magnetic interactions, in particular, are sensitive
to both local defects and their long-range order. Up to now, little
attention has been given to the effect of stochastic defect geom-
etry on magnetism, even though defects are omnipresent in
materials. To address this fundamental issue, we use an antifer-
romagnetic pyrrhotite as a testbed, where single vacant atomic
sites are subject to order, i.e., they form vacancy-ordering
schemes (VOSs).

Pyrrhotite represents an omission solid-solution series
(Fe1-xS, 0< x≤ 0.125) that comprises a wide variety of mono-
sulfide mineral phases ubiquitous in the Earth’s crust and extra-
terrestrial materials (e.g., chondrites, solar dust) (Berger et al.
2011; Horng 2018; Yang et al. 2018; Schrader et al. 2021; Steele
et al. 2023), and is of some interest for technical applications
(Boyjoo et al. 2020; Lee et al. 2023; Wang et al. 2023). All pyr-
rhotite phases are based on a hexagonal NiAs-type structure
modified by distortions due to vacant Fe sites in octahedral

interstices of hexagonal closed-packed sulfur atoms (Izaola et al.
2007; Jin et al. 2021; Rezvani et al. 2024). This modification
generates superstructures with vacancy ordering in varying
stacking modulations of full and defective Fe layers along the
c-axis, and this in turn determines the magnetic properties that
are critically affected by spin rotation (Bin and Pauthenet
1963; Wang and Salveson 2005; Haines et al. 2019). The mono-
clinic ferrimagnetic end-member Fe7S8, known as 4C pyrrhotite,
has a fourfold alternating stacking modulation of full and
vacancy sublattices along the c-axis. The ferrimagnetism stems
from uncompensated sublattices with ferromagnetic in-plane
and antiferromagnetic inter-plane coupling with a low-tempera-
ture anomaly at T≈ 32K. This is known as the Besnus transition,
which is the characteristic trait to unambiguously identify 4C
pyrrhotite (Bertaut 1953; Néel 1953; Fillion and Rochette
1988; Gehring et al. 2021; Živković et al. 2021). In the less
Fe-deficient members, where the 5C modification (Fe9S10) is
most prominent, the stacking modulations consist of VOSs with
an occupation probability distribution, and this in turn leads to
antiferromagnetic properties (Elliot 2010; Herbert et al. 2015).
All members of the pyrrhotite group reveal a magneto-structural
transition above a temperature of about 600 K, where the
superstructure breaks down, and a paramagnetic NiAs-type
substructure remains (Powell et al. 2004; Herbert et al. 2015;
Koulialias et al. 2019a), and at higher temperatures, sulfur is
expelled from the structure. By cooling to temperatures below
600 K, superstructures with commensurate or incommensurate
stacking modulations are reestablished (Morimoto et al. 1970;
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Wang and Salveson 2005; Jin et al. 2021). Such thermal
alteration renders it possible to fabricate materials with variable
vacancy ordering and to study the effect on their magnetic
properties. Here, we tailored a Fe9S10 pyrrhotite with vacancy
sites forming VOSs and demonstrate that their interplay
produces novel magnetic responses.

MATERIALS AND METHODS

Sample Preparation
The starting material was a nearly stoichiometric 4C pyrrhotite (Fe6.9S8) crys-

tal with traces of Ni (377 ppm) and Co (60 ppm) from the Morro Velho mine
(Minas Gerais, Brazil) (Vial et al. 2007; Koulialias et al. 2019b). Stoichiometric
modification was performed in a thermogravimetric system (TGA 3�, Mettler-
Toledo), and this thermally tailored sample was used for all subsequent measure-
ments. To create inert conditions, i.e., to avoid oxidation, the connections to the
internal-gas switch unit were disassembled and closed. A reducing gas mixture
of Ar with 4% H2 was connected directly to the protective gas connection. This
gas flowed through the balance chamber and the TGA furnace. After floating
the system, the gas flow was adjusted to 30 mL min–1 to minimize possible turbu-
lence. For these conditions, the temperature of the TGAwas calibrated using In, Al,
and Au. The 33.3 mg sample was placed into a 30 μL aluminum oxide crucible.
After equilibration of the measured weight signal, the system was purged for 3 h
before starting the measurement. The sample was heated from 473 to 1123 K at
10 K/min, followed by ballistic cooling. The measured curve after blank subtrac-
tion is shown in Figure 1. The temperature program was selected after a prelimi-
nary test to obtain a mass loss of 2.8%.

Single-Crystal X-ray Diffraction
The structural analysis was performed by single-crystal XRD at about 300 K

and at 100 K. Crystals of suitable size and shape were cut from the millimeter-sized
thermally treated crystal and mounted on a Mitegen MicroMount. Full-sphere data
sets were collected on a RigakuXtaLAB Synergy-S diffractometer equippedwith a
HyPix-6000HE detector using Mo radiation.

The structures were solved with SHELXT (Sheldrick 2015) using the closest
3D approximants of the incommensurately modulated structures in the non-cen-
trosymmetric space group P6̄m2 (No. 187), and refined with SHELXL (Sheldrick
2008) embedded in Olex2 (Dolomanov et al. 2009) as inversion twins with approx-
imately equal domain size of the two individuals. Any attempt using space groups

of lower symmetry and/or twinning did not significantly improve the figures of
merit or the model. Crystallographic details for crystals I and II are given in Online
Materials1 Tables S1 and S2.

Magnetometry
The magnetic properties were investigated by vibrating sample magnetometry

(VSM) at 15.9 Hzwith anMPMS3 device (QuantumDesign). The thermomagnetic
curves were measured sequentially in increasing fields with a demagnetization
step in-between where the sample was exposed to a slowly oscillating field with
diminishing amplitude at 225 K. For measuring the series ofM(B) plots at various
temperatures the same procedure was used with a demagnetization temperature
of 300 K. The cooling curves of the demagnetized samples between the M(B)
measurements were recorded and are shown in OnlineMaterials1 Figure S2. Errors
in the measurement of the magnetic moments were confirmed to be<1%with a Pd
reference sample, and the temperature controller had an error of less than 5 K,
which was confirmed by the Curie temperature of FeNi and pure Ni reference
samples.

Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was performed using a Mettler-

Toledo DSC 3�with liquid-nitrogen cooling. Enthalpy and temperature were cal-
ibrated with water, n-octane, adamantane, and n-heptane. The 28.114 mg sample
was encapsulated in a 40 μL Al crucible and measured from 130 K to 273 K with a
heating rate of 10 K/min.

RESULTS

Thermal Modification

For the fabrication of the monosulfide sample with Fe9S10
stoichiometry, a natural high-quality 4C pyrrhotite crystal
(Fe7S8) was thermally treated. Thermogravimetric analysis
(TGA) reveals that the 4C pyrrhotite starting material is chemi-
cally stable up to T = 780 K. Further heating leads to a steady
mass loss due to the release of sulfur, and at T ≈ 1100 K the pyr-
rhotite has a Fe/S ratio of 0.88 corresponding to Fe9S10 (Fig. 1).
The thermal tailoring of the Fe9S10 material can be considered
as a multi-step diffusive process. In a first step, the vacancy
ordering in the 4C pyrrhotite starting material breaks down at
T ≈ 600 K, and the randomization of the vacancy sites forms
a defective NiAs-type structure (Powell et al. 2004; Koulialias
et al. 2019a). In a second step, the release of sulfur at
T> 780 K is controlled by solid-state diffusion, and the linear
TGA curve up to T ≈ 1100 K indicates a zero-order reaction
typical for free evaporation, i.e., the diffusion rate of sulfur in
the pyrrhotite crystal is larger than the evaporation rate. The
overall sulfur loss and the subsequent increase in the Fe/S ratio
result in a lesser vacancy density in the NiAs-type structure.
Rapid cooling to temperatures below T≈ 600K leads to vacancy
ordering in a pyrrhotite phase with a Fe/S ratio of 0.88. Earlier
studies reported that such a ratio in pyrrhotite samples generally
leads to a superstructure with fivefold modulation (Wang and
Salveson 2005; Elliot 2010; Liles and de Villiers 2012; Haines
et al. 2020).

Structural Properties

The structural analysis of the thermally treated pyrrhotite
was performed by single-crystal XRD at room temperature
and at 100 K on two crystallite sister samples referred to as
I and II. Both reveal Bragg spots of a well-crystallized incom-
mensurately modulated pyrrhotite that can be described using
a classical 3D approximation in the non-centrosymmetric space

FIGURE 1. TGA mass loss during thermal tailoring of a Fe7S8
natural pyrrhotite sample. The sample is chemically stable up to
T ≈ 780 K. At T = 1120 K, the Fe9S10 composition was reached. The
material was then quenched to stop further sulfur loss and to reestablish
vacancy order.
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group P6̄m2 (No. 187). The details of the crystallographic
description can be found in Online Materials1 Tables S1 and S2.

At room temperature, the diffraction pattern of crystal I can
be indexed with a unit cell of hexagonal metric [a = 6.9032(2) Å,
c = 28.8312(9) Å], which corresponds to a fivefold superstruc-
ture along the c-axis and a twofold superstructure along the
a-axis compared to the underlying NiAs-structure type, namely
a = 2·aNiAs and c = 5·cNiAs. A close inspection of the intensity
distribution and positions of the superstructure reflections,
however, suggests that their positions in the pattern are even bet-
ter described by an incommensurately modulated structure with
a = 6.9041(17) Å, c = 5.766(3) Å, and a modulation vector q = 0
0 0.1938(8). Incommensurate modulations are well known for
pyrrhotite, e.g., 5.5C pyrrhotite (Yamamoto and Nakazawa
1982). For crystal I, the description as an incommensurately
modulated structure is very close to the commensurate modula-
tion (q-vector component along the c*-axis of almost 0.2),
requiring a quintupling of the c-axis in the classical 3D descrip-
tion. Given this, the 3D fivefold superstructure approximation
was chosen to describe crystal I, and the figures of merit indicate
that this is a valid approximation (see Online Materials1

Table S1).
Crystal II reveals slightly different features with respect to

the superstructure/satellite reflections, even though it was cut
from the same parent crystal. An indexing analogous to crystal
I as an incommensurately modulated structure leads to
a = 6.9054(10) Å, c = 5.7743(11) Å, and a modulation vector
q = 0 0 0.1770(13). With this q-vector, the satellite reflections
are located close to the positions expected for a sixfold
superstructure in the classical 3D description. Therefore, the
description as a 3D approximant with hexagonal lattice
constants of a = 6.9084(3) Å and c = 34.6477(17) Å was chosen
for the structure solution and refinement. It should still be noted
that neither description can account for some weak additional
superstructure reflections. This could be accomplished with an
incommensurately modulated unit cell with a = 11.9426(7) Å,
c = 11.5757(12) Å, and q = 0 0 0.3590(19), which is obtained
by applying the transformation matrix [1 –1 0 1 2 0 0 0 2] to
the setting with the lattice constants a = 6.9054(10) Å,
c = 5.7743(11) Å, and q = 0 0 0.1770(13). The classical approx-
imant for this larger cell then requires a tripling of the cell vol-
ume and massively increases the number of parameters, which
leads to large correlation matrix elements during the refinement.
This, in turn, renders a model with increased complexity less
significant. Because the superstructure reflections are weak, it
can be assumed that the main features of the crystal structure
are already reflected by the description in the smaller cell.

It is worth noting that coexisting five- and sixfold modula-
tions were recently reported from a pyrrhotite crystal in a rego-
lith sample of the Ryugu asteroid, and their formations were
explained by a diffusive sulfur loss from a 4C pyrrhotite caused
by space weathering (Harries et al. 2024). The two crystals I and
II of the present study, both refined in the P6̄m2 space group,
however, have nearly identical unit-cell parameters a and b,
whereas the c parameters differ by 20% due to intercalated layers
with full occupancy of the Fe positions (see Fig. 2a).

In both crystals, the vacancy layers can be subdivided into
two Fe-deficient building blocks that are different in their VOSs

(Fig. 2a). VOS1 consists of four layers where the vacancy sites
are in the center of the fully occupied six-membered Fe rings
(Fig. 2b). This configuration with the variants D and E leads
to relatively high vacancy order in strings along the c-axis
and to a hexagonal array in the Fe rings in the basal plane similar
to the vacant layers in the 4C pyrrhotite end-member (Firlus et al.
2022). VOS2with the variants B and C comprises fully occupied
Fe sites in the center of partially occupied Fe rings (Fig. 2b). In
this case, the fully occupied Fe site has, on average, fewer than
six neighboring cations within the layer, i.e., the local hexagon-
ality is broken. Moreover, for VOS2, the variation of occupation
factors in variants B and C (0.91–0.94 and 0.84–0.90, respec-
tively) is relatively low for the defect sites, whereas in VOS1,
the variation of the occupation factors in variants D and E is
significant (0.84–0.90 and 0.58–0.62, respectively) (Fig. 2b).

Taking into account that for a fivefold-modulated pyrrhotite
a low-temperature Morin-like spin rotation associated with an
endothermic peak in the heat capacity was postulated (Haines
et al. 2020), we analyzed the structure of crystals I and II at
T = 100 Kwith the same approach as used for room temperature.
As can be seen in Online Materials1 Tables S1 and S2, the struc-
tures remain the same, and the unit-cell parameters reveal only
minor thermal contractions. The sixfold modulation sequence
shortens in the parameters a and b by 0.6% and expands in
parameter c by 0.1%, whereas in the fivefold modulation, the
a and b parameters shorten by 0.1% and the c parameter remains

FIGURE 2. Atomic structure of the thermally tailored sample. (a) The
structures of crystal I (left) and crystal II (right) in the viewing direction
[–1 –1 0] with two VOSs. The unit cells are shown as stacking of layers
of edge-sharing FeS6-octahedra colored according to the occupancy fac-
tors of the Fe sites grouped in intervals of 1 (red), 0.91–0.94 (orange),
0.84–0.90 (yellow), and 0.58–0.62 (blue). The stacking modulation con-
sists of five Fe-vacancy ordering variants A–E. (b) The five Fe-vacancy
ordering variants within individual layers. Variant A represents full
layers; in B and C, the vacancies are in a six-ring, and in D and E, they
are in the center of a six-membered ring.
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constant. The occupation factors in both schemes exhibit no
significant variations, and this, in turn, means that no cation
diffusion took place within the tailored pyrrhotite upon cooling.
Moreover, the Fe–Fe distances in the basal plane are longer than
3 Å, whereas in the c-direction of both crystals, they are shorter
than 3 Å, with a mean value of 2.88 ± 0.07 Å at 300 K and
2.89 ± 0.08 Å at 100 K. In NiAs-type sulfides, Fe–Fe distances
that are shorter than 3 Å have an orbital overlap that causes spin-
orbit coupling (SOC), and this in turn determines the uniaxial
magnetocrystalline anisotropy (MCA) (Goodenough 1963).
The SOC generated by Fe–Fe bonds causes spin rotations out
of the basal plane, and their angles are critically affected by
the vacancy arrangement (Adachi 1963; Powell et al. 2004;
Koulialias et al. 2018b). Detailed magnetic torque studies on
4C pyrrhotite provided clear evidence that Fe spins at sites next
to a vacancy in the c-direction differ in their out-of-plane tilting
compared to those with intact cation surroundings, resulting in
two MCA subsystems (Koulialias et al. 2018a, 2018c). Given
this, it can be supposed that the vacancy architecture of the VOSs
generates different spin rotation patterns. The pattern in VOS2
then has a higher heterogeneity because the vacancies break the
hexagonal, local symmetry of the ring formed by the six FeS6
octahedra around the fully occupied Fe-site (Fig. 2b).

In summary, the thermally tailored sample can be described
as a modulated pyrrhotite structure made of two well-defined
VOSs associated with intermediate full layers that form five
Fe-vacancy ordering variants (Fig. 2b); this structure is neither
a fivefold nor a sixfold pyrrhotite as described in the literature
(e.g., Elliot 2010; Liles and de Villiers 2012).

Magnetic and Thermodynamic Properties

Themagnetization (M) vs. magnetic field (B) of the thermally
tailored pyrrhotite, roughlymeasured in the c-plane at T = 300K,
is characteristic of a canted antiferromagnet far from saturation
(Fig. 3a). The magnetization curve reveals a bending formed
by two nearly linear branches with an inflection at about B = 3 T,
which indicates the contribution of two magnetization regimes.

The bending is most likely caused by localized SOC, i.e., MCA,
in the VOSs, which results in different spin rotation patterns
(Koulialias et al. 2018c). Considering the structural data, VOS2
has a more heterogeneous vacancy order than VOS1 because
of the broken local hexagonality. The increase in magnetization
at low fields (B< 3 T) can then be explained by the reduction
of spin rotation heterogeneities, preferentially in VOS2. This also
makes the ferromagnetic coupling of nearest-neighbors in the
c-plane more relevant to the magnetization mechanism. Conse-
quently, at higher fields (B> 3 T), the linear magnetization
increase stems from an apparent collective spin rotation in both
VOSs. This change of the dominant magnetization mechanism
from individual to apparent collective spin rotation gives rise to
the bending, generating two slopes in the M(B) curves.

At 100 K, the M(B) plot is linear, and the contributions of
the different VOSs and local disorder effects to the magnetiza-
tion are no longer detected (Fig. 3b), i.e., they show an apparent
collective spin rotation. Surprisingly, the cooling curve to 100 K
of the demagnetized sample reveals a sudden increase in
magnetization at T ≈ 200 K (inset to Fig. 3b; Online Materials1

Fig. S2).
Such anomalous behavior is also found between 200 and

170 K in the field-cooling (FC) magnetization curves (Fig. 4).
This anomaly, however, generates a field-dependent step func-
tion with positive as well as negative slopes in the M(T,B)
curves, with the maximum change in magnetization being about
15% (Fig. 4a). This behavior unlikely comes from a Morin-type
spin transition as postulated for 5C pyrrhotite by Haines et al.
(2019). The field-induced changes of M(T), however, can be
visualized by the comparison of the magnetization curves at
170 and 200 K extracted from the FC curves (Fig. 4b). At
200 K, the M(B) curve extracted from FC is bent, whereas at
T = 170 K the bending has disappeared. The difference
ΔM =M170K –M200K has two zero points and shows amaximum
at B ≈ 3 T, which is indicative of the transition from an individ-
ual spin rotation to an apparent collective one. At B < 3 T, ΔM
mirrors an individual spin rotation, as also indicated by the

FIGURE 3. Magnetization loop of the thermally tailored pyrrhotite. (a) TheM(B) plot at T = 300 K reveals two nearly linear branches, as indicated
by the dashed lines, with an inflection at B = 3 T. (b) At T = 100 K, the magnetization curve shows no bending. The inset displays the shape of the
zero-field cooling magnetization down to 100 K of the sample demagnetized at 300 K.
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bending. The positive slope of ΔM is due to the fact that the
susceptibility at 170 K of the apparently collective system is
higher than that of the individual system at 200 K (Fig. 4b).
The decline of ΔM at B> 3 T occurs in a field range where
the spin rotation is apparently collective at both temperatures.
Here, the susceptibility decreases upon cooling due to changes
in the MCA during the transition. Hence, the local maximum in
ΔM is a consequence of different responses of spin rotation in
the VOSs to an external field.

Further insight into the interplay of the spin rotations in the
VOSs can be obtained from the M(B) plots recorded at different
temperatures.AtT = 170K, theM(B) curve is like that atT = 100K
(Fig. 3b and 5) and shows a linear increase in magnetization.
At T = 200 K, theM(B) curve resembles that at T = 300 K (Fig. 3a
and 5), but a secondary hysteresis at around B = 3 T associated
with the inflection is observed.

The hysteretic behavior occurs exactly in the field range of
the transition from an individual to an apparent collective spin
rotation in the VOSs andmarks an energy barrier. The (in-plane)
energy landscape stems from an interplay between the isotropic
ferromagnetic coupling, the external field, and the heteroge-
neous SOC due to the vacancy distribution. At high fields,
the lowest energy is at a configuration where the spins are
parallelly aligned because the contributions generated by the
external field and ferromagnetic coupling are stronger than the
SOC generated by the heterogeneous vacancy distribution. By
contrast, in low fields, the dominant SOC-energy contribution
generates a heterogeneous spin rotation. The transition to such
rotation goes through intermediate states, where the ferromag-
netic coupling is violated, and this in turn gives rise to an energy
barrier. Moreover, the hysteretic behavior is temperature depen-
dent and cannot be detected at T> 270 K (see Online Materials1

Fig. S1). The major change in SOC, i.e., MCA, however, is asso-
ciated with the magnetic anomaly between 170 and 200 K. XRD

reveals no crystallographic changes down to 100 K
but thermodynamic changes in this range can be detected by
DSC (Fig. 6). The transition exhibits an endothermic enthalpy
change of ΔH = 120 mJ g–1 upon heating, which can be fitted
with two Gaussians. A similar value for ΔH is extracted from
the heat capacity vs. temperature curve associated with the
Morin-type spin transition in 5C pyrrhotite, reported by Haines
et al. (2020), which shows a peak at T = 154K and a shoulder at a
lower temperature. Such features indicate two contributions to
the heat capacity, and this is similar to the DSC measurements
(Fig. 6). Grønvold et al. (1991) found no low-temperature peak
for a synthetic 5C pyrrhotite, and this in turn suggests that the
two contributions most likely stem from variations in stacking
modulation. Haines et al. (2020), however, reported that in a
field of B = 9 T the heat capacity curve shifts to lower tempera-
ture but the shape remains unchanged. This implies that ΔH
associated with the postulated Morin-type transition is unaf-
fected by the magnetic field, in contrast to the entropy change
ΔS, which becomes larger in high fields. Such behavior is con-
sistent with an in-field spin rotation upon heating, also found in
theM(B) curves (Haines et al. 2020). In our DSCmeasurements,
performed in the absence of a magnetic field, the two endother-
mic enthalpy components are well resolved, and their tempera-
ture range corresponds to that of the anomaly in the zero-field
cooling magnetization curves (Fig. 6; Online Materials1

Fig. S2). One component between 170 and 180 K is character-
ized by a minimum at 177.5 K and an enthalpy change of
ΔH = 42.1 mJ g–1, and the other has a minimum at 183.9 K with
ΔH = 76.7 mJ g–1. The corresponding entropy changes are
ΔS = 0.24 mJ g–1 K–1 and ΔS = 0.42 mJ g–1 K–1, respectively.
The two peaks provide clear evidence that the magnetic anomaly
is associated with the VOSs. The peak at lower temperature is
assigned to VOS2 with its heterogeneous spin rotation pattern
generated by the broken local hexagonality caused by the

FIGURE 4. Thermomagnetic curves of the thermally tailored pyrrhotite. (a) The thermomagnetic curves show a field-dependent anomaly at
170–200 K. The magnetization decreases during cooling at high and low fields (green lines) but increases at intermediate fields (orange lines).
(b) The implied magnetization curves at 170 K (blue line) and 200 K (red line) have a similar shape to the magnetization loops in Figure 3.
The field-dependent change in magnetization ΔM shows a maximum at around 3 T (see inset).
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vacancies in the Fe rings (Fig. 2). The higher-temperature peak is
due to VOS1, where the vacancy arrangement leads to a less het-
erogeneous spin rotation pattern.

The crystal structures I and II exhibit no crystallographic
change with temperature, and this, in turn, is consistent with
the relatively low value of ΔH (Figs. 2 and 6). Given this,
ΔHmost likely stems from changes in local structural distortions
on the atomic level. Such distortions along the c-axis change the
Fe–Fe bond lengths, the SOC, and subsequently the MCA that
determines spin rotation (Goodenough 1963; Koulialias et al.
2018a, 2018b). Hence, the changes in spin rotation, manifesting
the magnetic anomaly, are triggered by local structural distor-
tions. An apparent collective spin rotation response can then
be enforced either by a high external magnetic field to suppress
the heterogeneities or by temperature.

IMPLICATIONS

Our study demonstrates the importance of considering not
only the type of defects but also their arrangement in a material.
Magnetism is particularly sensitive to the defect geometry and
can bring forth complex responses to external variables such as
the magnetic field or temperature. The pyrrhotite omission series,
with its simple chemistry, well-defined layered structure, and
tunable vacancy geometry, is an ideal material to provide closer
insight into the interplay of vacancy order and magnetism. Even
though the tailored pyrrhotite sample has stacking modulations
with two distinct stochastic VOSs, single-crystal properties remain
intact. The magnetic response of the two VOSs detected by field-
dependent thermomagnetometry and secondary hysteresis loops
provides compelling evidence that the magnetization properties
are governed by the different sublattice architectures in the pyrrho-
tite. This unexpected behavior illustrates the potential of vacant
atomic sites to manipulate physical properties in crystalline solids,
and this, in turn, may be beneficial in tailoring the functionality of
materials. Furthermore, the members of the pyrrhotite omission
series are important information carriers in Earth and planetary
sciences to decipher the mineral-chemical and paleomagnetic his-
tory of rock bodies. Our findings that the chemical composition
does not unambiguously determine the vacancy architecture can
thus be crucial when studying the robustness of the information
obtained from pyrrhotite phases. The consideration of the vacancy
architecture and its effect on the magnetic properties is especially
vital for extraterrestrial materials, such as chondrites, solar dust,
or materials returned from asteroids, where pyrrhotite phases
with different stacking modulations and VOSs generally coexist.
Finally, the complementation of the structural and magnetic
VOS analysis with thermodynamic information presents a
holistic experimental approach that appears to be invaluable in
multidisciplinary scientific fields, where crystallographic defects
are effective in determining the material properties.
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