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Abstract

Using total x-ray scattering and density functional theory calculations based on experimental data,
we study the metal-insulator transition (MIT) in the strongly correlated system FeS with hexagonal
symmetry. We find that it arises from the combined effect of static lattice distortions and antiferro-
magnetic ordering, while electron-electron correlations appear to play a minor role. The presence
of local lattice distortions above the MIT explains well the evolution of transport and magnetic
properties with changing temperature or pressure. Intrinsically, lattice distortions in hexagonal

FeS act as lattice degrees of freedom that bridge competing electronic phases, thus facilitating
transitions between them. The mechanism of MIT operating in h-FeS appears to be common to
strongly correlated binary systems involving 3d transition metals, warranting further investigations
on the lattice distortions-property relationship in this broad class of materials using the approach
adopted here.

1. Introduction

Interactions between electronic, lattice, and spin degrees of freedom in strongly correlated systems are
known to lead to the emergence of unusual physical phenomena such as metal-insulator transitions
(MITs). Because of the complexity of the interactions, the driving force behind the MITs is, however,
hard to reveal. In particular, it is often considered that MITs arise from electron-electron interactions,
especially onsite Coulomb repulsion, that are strong enough to induce localized states and, hence, an
insulating phase. MITs have also been attributed to strong electron-phonon interactions that disturb the
electron mobility, leading to electron localization, without necessarily disturbing the static crystal struc-
ture. Intrinsic static distortions of the crystal structure have also been suggested to trigger MITs [1, 2].
To explore the possible scenarios, MITs are often induced by varying external stimuli such as pressure
[3], temperature [4], electric [5] and/or magnetic field [6], and the response of the system is examined
by advanced techniques for atomic structure determination and computational [7] tools. Using variable
temperature total x-ray scattering and density functional theory (DFT) calculations based on experi-
mental data, we show that the MIT in the strongly correlated hexagonal FeS (h-FeS) is enabled by static
lattice distortions in the presence of antiferromagnetic (AFM) order, while electron—electron correlations
appear to play a minor role. The distortions do not appear critical to the emergence of AFM order but
seem to affect its type.

Strongly correlated h-FeS is a naturally occurring material known to exhibit unusual transport and
magnetic properties. It has been found to undergo coupled magnetic [8] and structural phase transitions
[9] upon changing temperature or pressure [3, 4], rendering it a topical system for studies in fields ran-
ging from geology and space sciences to catalysis and spintronics [10, 11]. At high temperature, h-FeS is
a paramagnetic metal (hereafter referred to as a PM-m phase) adopting a hexagonal space group (S.G.)
P63/mmc structure where Fe and S atoms form perfect hexagonal layers stacked along the ¢ axis of the
crystal lattice (figure 1 and supplemental figure S1) [9, 12—14]. Upon cooling to about Tg ~ 590 K,

© 2025 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Intensity color maps of selected peaks in (a) XRD patterns and (b) atomic PDFs for h-FeS. Arrows indicate changes in
peak intensities close to the AFM-i to AFM-m transition at T, ~ 420 K and AF-m to PM-m transition at Tg ~ 590 K. (c), (d)
Rietveld fits (red line) to XRD patterns (symbols) obtained at 300 K and 625 K. The goodness-of-fit factors are close to 9%. The
fitin (c) is based on a S.G. P62c while that in (d) on a S.G. P63/mmc model. Vertical red bars show the position of Bragg peaks.
The residual difference (blue) is shifted for clarity. Rietveld refined hexagonal lattice parameters (e) a and (f) c as a function of
temperature. The parameters below and above Ty, are based on a S.G. P62¢ and S.G. P63/mmc model, respectively. In the plot,
however, they are represented in the a S.G. P62c (AFM-i cell) notation, where as AarM—i—V/304rM—m and capy—i—2CarM—m. For
both parameters, the temperature evolution exhibits clear nonlinearities at To, and T (follow the vertical arrows). Projection of
the ideal (g) S.G. P63/mmc and (h) S.G. P62c structures down the ¢ axis of the hexagonal lattice. Fe and S atoms are in dark cyan
and red, respectively. Light brown, blue and green rectangles in (e) and (f) highlight the temperature regions where hexagonal
FeS appears in its AFM-i, AFM-m and PM-m phase, respectively. Per Rietveld analysis, i.e. on average, the crystal structure of the
AFM-i phase is of the S.G. P62c type while that of the AFM-m and PM-m phases is of the S.G. P63/mmc type.

the material becomes an AFM and the character of its conductivity changes. In particular, while the
resistivity, p, increases linearly with temperature above T, indicating metallic behavior, In(p) has been
found to gradually increase with decreasing temperature, indicating a narrow-gap semiconductor beha-
vior. The behavior, however, can easily appear as metallic-like due to thermally activated conductivity
effects. Following the widely adopted convention, hereafter we refer to this complex electronic phase as
an AFM-m phase. In this phase, Fe spins are arranged in the ab plane of the hexagonal lattice. Upon
further cooling down to Ta ~ 420 K, a spin-reorientation transition takes place where Fe spins line up
with the ¢ axis of the hexagonal axis. Concurrently, a structural phase transition takes place where the
S.G. P63/mmc symmetry is reduced to S.G. P62c [9, 15-19]. In the structure, the alternating hexagonal
layers of Fe and S atoms appear heavily distorted, as shown in figure 1 and S1 (see supplemental mater-
ial). Furthermore, p jumps by a few orders of magnitude, indicating an insulating behavior, where,
depending on the sample, the band gap has been found to be about 0.1 eV [18-20]. Hereafter, we refer
to this phase as an AFM-i phase.

Recent neutron and x-ray scattering studies suggest that the MIT in h-FeS arises from a magnetically-
driven phonon instability, where the AFM ordering enables the emergence of soft phonons at temperat-
ures T > T, that abruptly condense on cooling through the MIT [21]. The results seem to be suppor-
ted by DFT calculations showing that no bandgap opens at T, unless AFM order is explicitly included
in the calculations. By contrast, DFT calculations of Craco et al [22, 23] attributed the MIT to strong
electron-electron interactions. All DFT studies conducted so far, however, predict a bandgap of about
0.5 eV, which is much larger than the experimental bandgap value. As our study shows, the controversy
can be resolved by conducting DFT calculations based on experimental and not DFT optimized structure
data.

2. Experimental

We studied a high-quality h-FeS sample purchased from Alfa Aesar. In-house x-ray diffraction (XRD)
measurements showed that it is single phase and, as expected, exhibits a S.G. P62¢ type structure.
Variable-temperature XRD data were obtained at the beamline 11-ID-C at the Advanced Photon Source,
Argonne National Laboratory, using x-rays with an energy of 105.7 keV (A = 0.1173 A). The sample
was kept inside a Linkam stage used to control its temperature. Scattered x-ray intensities were collec-
ted using a PerkinElmer detector while increasing the temperature from 300 K to 625 K in steps of 5 K.
Two sets of XRD patterns were obtained at each temperature. One of the patterns was obtained with the
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detector positioned 1500 mm away from the sample to achieve high resolution in reciprocal space. The
patterns were used to perform Rietveld analysis. The other set of patterns was obtained with the detector
positioned 300 mm away from the sample to reach wave vectors, g, as high as 28 A~!. The patterns
were used to derive atomic pair distribution functions (PDFs) using procedures described in [24, 25].
Intensity color maps for the high-g resolution XRD patterns and atomic PDFs are shown in figure 1.
XRD intensity variations and shifts in Bragg peak positions are clearly seen at temperatures close
to Tg and T,, where the AFM-m and AFM-i phases appear upon cooling, respectively. While some
Bragg peaks remain sharp in the temperature range between 300 K and 625 K, e.g. the Bragg peak at
7.2 deg., others smear, e.g. the Bragg doublet at 6.3°, producing broad diffuse scattering bands above T,
(see figure 1(a)). The observed diffuse scattering indicates the presence of a considerable local structural
disorder well before the material becomes an insulator. Atomic PDFs also change considerably at tem-
peratures close to T,, and Tg, including intensity variations and shifts in PDF peak positions. Notably,
bonding distances characteristic to the low-temperature AFM-i phase and such for the high-temperature
PM-m phase are seen to co-exist in the AFM-m phase, i.e. in the temperature range between T, and Ty
(e.g. see the evolution of the PDF feature at 16 A in figure 1(b)).

3. Experimental data analysis and interpretation

To investigate the average crystal structure of h-FeS as a function of temperature, we fit the experimental
XRD data collected at temperatures above T, with a S.G. P63;/mmc structure model. XRD data collected
at temperatures below T, were fit with a S.G. P62c type structure model. The fits were done with the
help of software GSAS-II [26]. Representative fit results are shown in figures 1(c) and (d). In line with
prior studies [21], the models reproduced the experimental data reasonably well. Refined values for the
hexagonal lattice parameters are shown in figures 1(e) and (f). Both a and c lattice parameters are seen
to exhibit a sharp change at T, where the in-plane arrangement of Fe and S atoms (see figures 1(g) and
(h)) and separation between atoms in adjacent Fe planes (Fig. S1, see supplemental material) are sugges-
ted to change profoundly. The changes in a and ¢ parameters at T3 appear less well expressed.

Rietveld analysis, however, does not take into account the diffuse scattering component of XRD
data and so may not capture well local lattice distortions in materials exhibing intrisic structural dis-
order. To explore the likely presence of local lattice distortions in h-FeS, we approached the experimental
PDF data with the same models. Representative PDF fits are shown in figure 2. As may be expected,
the S.G P63/mmc structure model failed to reproduce the experimental PDF data obtained at 300 K
(figure 2(a)), where the AFM-i phase of h-FeS appears (figure 2(a)). Surprisingly, it did not reproduce
well the experimental PDF data obtained at 450 K and 550 K (figures 2(b) and (c)), where the AFM-
m phase of h-FeS appears. In line with Rietveld results, the model performed much better in the case
of PDF data collected at 625 K (figure 2(d)), where the PM-m phase of h-FeS appears. In line with

Rietveld results, the experimental data obtained at 300 K were reproduced well by the S.G. P62¢ type
model (figure 2(e)). The model performed better with the PDF data obtained at 450 K and 550 K in
comparison to the S.G P63/mmc model (compare data in figures 2(f) and (g) with those in figures 2(b)
and (c)), indicating that local lattice distortions of the type exhibited by the AFM-i phase persist in the
AFM-m phase up to temperatures approaching Tg. Note that the quality of S.G. P63/mmc model fits to
450 K and 550 K PDF data could not be improved beyond the level shown in figures 2(b) and (c) by
adjusting the values of thermal factors alone, indicating that the observed lattice distortions in the AFM-
m phase are not dynamic but largely static in character. Therefore, the anharmonic lattice instabilities,
i.e. soft phonons [21], do not seem to condense abruptly at T,. Rather, static lattice distortions appear
in the AFM-m phase well above the MIT.

PDF refined values for the hexagonal lattice parameters of FeS are shown in figures 3(a) and (b).
Both exhibit non-linearities at T, and Tg. The nonlinearity at T, does not appear as sharp as in the
case of Rietveld refined lattice parameters (compare with data in figures 1(e) and (f)). This is because
the PDF data obtained in the temperature range from 300 K to about 550 K are well reproduced by

the same S.G. P62c model, i.e. without enforcing a change in the crystallographic symmetry at T,. By
contrast, Rietveld analysis enforces it, suggesting an abrupt emergence of lattice distortions at T,, upon
reducing temperature. Moreover, it suggests that hexagonal FeS suffers phase segregation in the MIT
vicinity [21], which, as our study clearly shows, does not necessarily occur. Static displacement of Fe and
S from their room temperature positions in h-FeS are shown in figures 3(c) and (d), as computed from
the PDF refined structure models. As can be seen in the Figure, largely, Fe atoms undergo in-plane dis-
placements while S atoms move both in the ab plane and along the ¢ axis of the hexagonal lattice. The
displacements accelerate at T, and show a tendency to level off above Tj.

3
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hardly seen in the 625 K PDF data. Not surprisingly, the S.G. P63/mmc model fits them well (d). The fits in (e)—(h) are based on
a S.G. P62¢ model. The model reproduces the PDF data obtained at 300 K, 450 K and 550 K in good detail. It also reproduces
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Figure 3. PDF refined hexagonal lattice parameters (a) a and (b) ¢ for h-FeS as a function of temperature. The parameters below
and above T are based on a S.G. P62¢ and S.G. P65/mmc model, respectively. In the plot, however, they are represented in the
S.G. P62¢ (AFM-i cell) notation. For both parameters, the temperature evolution exhibits nonlinearities at T, and Ty (follow
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atoms from their lattice positions at room temperature. Both displacements exhibit clear nonlinearities at T, and Ty (follow
the vertical arrows). Light brown, blue and green rectangles highlight the temperature regions where h-FeS appears in its AFM-i,
AFM-m and PM-m phase, respectively.

Hexagons of Fe atoms appearing in FeS at different temperatures are shown in figures 4(a)—(d), as
derived from PDF refined models. The hexagons are seen to be very distorted below T,,, reflecting the
emergence of a variety of in-plane Fe—Fe distances. The distortion diminishes with increasing temper-
ature and practically vanishes above T3, The overall distortion of the hexagonal layers, A, computed as
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Figure 4. (a)—(d) Temperature evolution of Fe layers in h-FeS with selected Fe—Fe distances shown, as extracted from PDF refined
structure models. Triangular clusters where Fe-Fe bonds are as short as 3.03 A are seen to emerge in the AFM-i phase. (e)
Temperature evolution of interplanar Fe—Fe distances. (f) Temperature evolution of the static distortion A, for the Fe planes in
h-FeS. Fe atoms experience large dynamic disorder in the PM-m phase (c), as demonstrated by their large rms displacement amp-
litudes (green ellipsoids). For comparison, S atoms suffer trivial thermal disorder only, as demonstrated by their much smaller
rms displacement (red ellipsoids). Light brown, blue, and green rectangles in (e) and (f) highlight temperature regions where
h-FeS appears in its AFM-i, AFM-m and PM-m phase, respectively. Per PDF analysis, i.e locally, Fe planes in the AFM-m phase
(450 K and 550 K) suffer static distortions of the type seen with the AFM-i phase (300 K). On the other hand, Fe planes in the
PM-m (625 K) suffer dynamic structural distortions only.

A= (1/N) (Z,] (d, — (d))/ ({d))]?) [27] where < d > and d,, are the average and individual Fe-Fe dis-
tances in the hexagons, is shown in the figure 4(f). It is seen to decrease sharply at T,, keep decreasing
between T,, and Tg and then turn near zero above Tg, i.e. in the PM-m phase. The observed signific-
ant variation of A, indicates that, locally, the crystallographic symmetry also varies significantly with
temperature. The evolution of distances between Fe atoms from adjacent layers is shown in figure 4(e).
There are two distinct interlayer Fe—Fe distances in the AFM-i phase. The difference between the dis-
tances decreases sharply at T, and then keeps decreasing with increasing temperature until finally dis-
appears close to T3 where adjacent Fe layers in h-FeS appear perfectly lined up on top of each other
(figure 1 and S1, see supplemental material). Overall, static lattice distortions in h-FeS appear very
strong in the AFM-i phase, significant in the AFM-m phase and virtually zero in the PM-m phase where,
however, Fe atoms suffer much larger root-mean-square (rms) displacements from their average lattice
positions in comparison to S atoms (see the respective thermal ellipsoids figure 4(c)).

To assess the electronic properties of h-FeS, we conducted self-consistent spin-polarised DFT calcu-
lations using the generalised gradient approximation potential [28, 29], as implemented in the Vienna
ab initio simulation package [30]. Spin-orbit interactions (usually referred to as SOC) were included in
the calculations to couple the orientation of Fe magnetic moments to the crystal lattice. The plane-wave
energy cutoff was set to 550 eV. Monkhorst-Pack k-point meshes of 10 x 10 x 6 and 16 x 16 x 10
were employed for the S.G. P62¢ (24-atom unit cell) and P6s/mmc (4-atom unit cells) models, respect-
ively. In line with results of prior studies [21], we found that, without lattice distortions, the band gap
remains zero below T, even if the on-site Coulomb interaction, U, is increased to 4 eV. When lattice
distortions are included, it still remains zero unless the experimentally observed AFM order featur-
ing a pattern of Fe spins lined up with the ¢ axis of the hexagonal axis is accounted for in the calcula-
tions. The so computed electronic band structure and total density of states (DOS) for h-FeS at 300 K
(< T,) are shown in figures 5(a) and (b). The calculations are based on an S.G. P62c structure model
(a = 5.966 A and ¢ = 11.581 A) that has been refined against the respective PDF data set and not DFT
relaxed, as usually done. To be more specific, they feature an effective local crystallographic symmetry,
which may be related to the symmetry of the so-called crystal field, that is very much distorted (relat-
ive distortion parameter A~ 0.004; see figure 4(f)) in comparison to the high temperature S.G. P6s/mmc
phase (relative distortion parameter A~ 0.0005; see figure 4(f)). The calculations predict an insulator
with a bandgap of 0.16 eV, which is much closer to the experimental value of about 0.1 eV than pre-
dictions of prior DFT studies [9, 11, 21]. The DFT computed (c-axis aligned) magnetic moment of Fe
atoms in the predicted AFM-i phase appeared close to 2.9 up, which is consistent with the experimental
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Figure 5. DFT computed (a) band structure and (b) density of states for h-FeS at 300 K. The computations are based on a PDF
refined S.G. P62¢ model. The material appears to be an insulator with a band gap of about 0.16 eV. DFT computed (c) band
structure and (d) density of states for h-FeS at 520 K. The computations are based on a PDF refined S.G. P62c model. The mater-
ial appears to be a semiconductor with a narrow gap of about 0.04 eV. DFT computed (e) band structure and (f) density of states
for h-FeS at 625 K. The computations are based on a PDF refined S.G. P63/mmc model. The material appears to be a metal. The
total DOS at the Fermi level (black line) in (b), (d) and (f), is dominated by the contribution of 3d electrons of Fe (red line). The
vanishing contribution of S electrons to the DOS is given as a blue line.

value of 3.0 pp [21]. When the PDF refined structure is relaxed by spin-polarized DFT, i.e. local lattice
distortions are quenched, the atomic positions and lattice parameters (a = 5.902 A and ¢ = 11.394 A)
appear considerably different from the experimental values, and, furthermore, the band gap is zero. Only
when considerable Coulomb interactions are included in the calculations, an unrealistically large band
gap of 0.53 eV opens, as illustrated in figure S2.

Results from self-consistent spin-polarized DFT calculations (SOC included) for the electronic struc-
ture of h-FeS at 520 K, which is between T, and Tg, are shown in figures 5(c) and (d). The calculations
are based on an S.G. model (a = 6.053 A and ¢ = 11.511 A) that has been refined against the respect-
ive PDF data set and not DFT relaxed, thus enforcing an effective crystal field that is considerably dis-
torted (A~ 0.0012; see figure 5(f)) in comparison to the high temperature S.G. P6s/mmc phase (A~
0.0005; see figure 4(f)). In line with experimental observations, the material is predicted to exhibit a near
zero-band gap characteristic to narrow-gap semiconductors. Also, in line with experimental observations
[21], the DFT computed magnetic moment for Fe atoms in the predicted AFM-m phase appeared con-
siderably smaller (~ 2.1 pp) in comparison to that for Fe atoms in the AFM-i phase. The reduction
in the magnetic moment value is likely due to changes in the orbital occupancy of Fe 3d states, arising
from the different distortions in the crystal field in the insulator and narrow-gap semiconductor phases.
Notably, as our DFT calculations show, below T,, an AFM-m phase featuring Fe spins lying in the ab
plane of the hexagonal lattice appears less stable energetically (by ~ 0.9 eV) in comparison to an AFM-
i phase featuring Fe spins oriented along the c-axis, indicating that the latter and not the former is the
ground structure state for h-FeS, as observed by experiment.

Results from self-consistent spin-polarized DFT calculations (SOC included) for the electronic
structure of h-FeS at 625 K (>Tp), featuring a noncollinear arrangement of Fe spins are shown
in figures 5(e) and (f). The calculations are based on an S.G. P6s/mmc model (a = 3.512 A and
¢ = 5.745 A) that has been refined against the respective PDF data set and not DFT relaxed, thus enfor-
cing a barely distorted effective crystal field (relative distortion parameter A~ 0.0005; see figure 4(f)). In
line with experimental observations, the material appears to be a metal. Notably, the DOS at the Fermi
level is seen to be dominated by 3d electrons of Fe atoms. Therefore, changes in near-neighbor Fe-Fe
distances may be expected to modify the overlap between the 3d orbitals of Fe atoms and, hence, the
transport properties of h-FeS significantly, as discussed below.

The picture emerging from our study is as follows: the crystal structure of the PM-m phase of h-FeS
features near perfect hexagonal planes of Fe and S atoms (figure 4(c)) where all in-plane and interlayer
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Fe-Fe distances are close to 3.53 A and 2.88 A, respectively (figure 4(e)). In this phase, Fe atoms suf-
fer large rms displacements though. Nevertheless, as discussed by Goodenough [31], the near lack of
static lattice distortions and related uniformity in both the in-plane and interlayer Fe—Fe distances would
facilitate the emergence of a continuum of Fe-Fe 7 bonds [32], ultimately leading to metallic conduct-
ivity. Upon reducing temperature below 590 K, the crystal lattice distorts significantly, leading to the
emergence of a variety of in-plane Fe—Fe distances (figures 4(b) and (d)) and significant reduction in the
symmetry of the crystal field. Concurrently, two distinct interlayer Fe—Fe distances appear and the char-
acter of the conductivity changes from metallic to semiconductor-like. The conductivity change appears
gradual with decreasing temperature below 590 K [18-20] likely because the changes in the crystal lat-
tice, e.g. lattice parameters, bonding distances and local symmetry (figures 3 and 4), also appear gradual.
When the temperature is reduced to about 420 K, the lattice distortions increase sharply (see the evol-
ution of the parameter A in figure 4(f)) and triangular clusters of atoms are formed in the Fe planes.
In the clusters, Fe—Fe distances appear as short as 3.03 A while the distances between Fe atoms in adja-
cent clusters appear as long as 3.70 A. Concurrently, the conductivity drops sharply, and the material
becomes an insulator [18-20] likely because the continuum of overlapped 3d orbitals of nearby Fe atoms
is broken due to the appearance of two very distinct interlayer Fe—Fe distances and largely disconnected
planar Fe tri-clusters. The related changes in the occupancy of Fe 3d orbitals may also contribute to the
process.

Concerning the concurrent changes in the AFM ordering pattern, Goodenough et al [31] proposed
a scenario featuring an interplay between two contributions to the magnetic anisotropy in h-FeS. One
of the contributions arises from spin-orbit interactions that tend to stabilize ordering of Fe spins along
the ¢ axis of the crystal lattice. The other contribution is due to dipole-dipole interactions that tend
to stabilize ordering of the spins in the basal plane. The latter contribution appears to dominate the
former at high temperatures, leading to an in-plane AFM ordering pattern above T,. As our study
shows, distortions of Fe planes increase sharply below T,. This would frustrate the dipole-dipole interac-
tions and trigger a spin-reorientation transition, promoting an out-of-plane AFM ordering pattern of Fe
spins [31-33].

4, Conclusions

Our study shows that h-FeS suffers intrinsic lattice distortions involving Fe planes. The distortions are
largely dynamic in the PM-m phase (no band gap) and turn static in the AFM-m phase (emerging band
gap). Upon further decreasing temperature, the static distortions increase sharply leading to a spin-
reorientation transition and an insulating ground state with a well-defined band gap of about 0.16 eV.
Thus, the band gap in h-FeS appears to scale with the lattice (crystal field) distortions the system suf-
fers. Their key contribution to the MIT is also demonstrated by the fact that when they are quenched
by applying pressure at room temperature the material turns metallic but remains AFM [9, 12, 34, 35].
Thus, lattice distortions in h-FeS act as lattice degrees of freedom that bridge competing electronic
phases, facilitating transitions between them. Cooperative mechanisms, where, in the presence of mag-
netic order, static lattice distortions drive MITs have been considered before. Examples include FeO
[1], V,03 [36], and VO, [37]. These similarities suggest that the mechanism of MIT operating in h-
FeS is common to strongly correlated binary systems involving 3d transition metals, warranting further
investigations on the lattice distortions-property relationship in this broad class of materials using the
approach adopted here.
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