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Murunskite (K,FeCu,S,) bridges the two known families of high-temperature
superconductors, cuprates and iron-pnictides, structurally and electronically.
Like these families, murunskite exhibits an antiferromagnetic (AF)-like
response with an ordered phase below 97 K. The magnetic iron atoms are
randomly distributed over one-quarter of the sites in two-dimensional planes,
while the remaining sites are occupied by non-magnetic copper, evoking the
notion of a high-entropy magnetic alloy. This intriguing magnetic transition is
studied by neutron, Méssbauer, and X-ray photoelectron spectroscopy (XPS)
measurements on single crystals. The AF order has a nearly commensurate
quarterzone wave vector. In the paramagnetic state, Méssbauer spectroscopy
identifies two iron sites, associated with Fe* * or Fe? * oxidation states as
observed by XPS, which merge into a third site upon cooling, indicating an
orbital transition. This cascade of local transitions transforms iron atoms from
a fully orbitally and magnetically disordered state to a homogeneously ordered
state in inverse space, while still being randomly distributed in real space.
This finding challenges the traditional paradigm of magnetism in insulators,
which relies on a direct connection between crystal structure and the location

1. Introduction

The concept of emergent order is a fun-
damental preoccupation in contemporary
science.[?] This phenomenon refers to the
spontaneous formation of complex struc-
tures and patterns from seemingly disor-
dered systems. Emergent order often arises
from the intricate interplay of various physi-
cal forces, leading to hierarchical structures
and complex behaviors that are not appar-
ent from the individual components. By ex-
ploring how order emerges from disorder,
scientists aim to uncover the principles that
govern the behavior and properties of com-
plex materials and systems.

Modern functional materials, such as
high-temperature superconducting com-
pounds, exemplify this concept. These ma-
terials, including cuprates and pnictides, ex-
hibit a fascinating blend of chemical and

of magnetic moments.

physical electronic properties.>’”] While
chemical binding typically closes electronic
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orbitals, the physical functionality of these materials often relies
on the presence of open orbitals. This interplay creates a contin-
uum of possibilities, ranging from insulating to highly conduc-
tive states. In particular, insulators are prized for their magnetic
and optical properties, while conductors are studied for their po-
tential to minimize energy dissipation, e.g., by superconductivity
or by topologically protected surface states.

By investigating these materials, scientists hope to develop
a deeper understanding of how emergent phenomena mani-
fest and how they can be harnessed for technological applica-
tions. The study of emergent order not only provides insights
into fundamental physics but also advances materials science
and engineering.

The functionality of magnetic insulators typically depends on
the open d orbitals of transition metal ions, a classic example be-
ing the ferrimagnetism observed in magnetite (Fe’*Fe;"0,). In
magnetite, not all iron atoms are in the same oxidation state,
leading to an interplay between structural and local electronic
properties.[®7]

In this work, we explore the antiferromagnetic-like order ob-
served in murunskite (K,FeCu,S,), a quasi-two-dimensional (2D)
semiconductor with a relatively simple structure.l'] Despite this
simplicity, murunskite challenges the conventional understand-
ing of magnetism in insulators, which often assumes a direct
correlation between the crystal structure and the location of mag-
netic moments.

Murunskite occupies a unique position among functional ma-
terials, acting as an intermediary between high-temperature su-
perconducting cuprates and pnictides. In cuprates, superconduc-
tivity arises from charge transfer between copper 3d orbitals and
ligand oxygen 2p orbitals,['"1?] creating a localized hole within a
“Cu0O4 molecule.” This phenomenon plays a crucial role in both
normal and superconducting states.[3-16] Conversely, in pnic-
tides, the unit cell structure is defined by arsenic ligand orbitals
bound with iron e,, suborbitals, which remain closed and distant
from the Fermi level. The metallic properties!!®!’] of pnictides re-
sult from the overlap of correlated t,, suborbitals on neighboring
iron ions,!*>%20] influenced by spin correlations from Hubbard
repulsion.[21:22]
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Murunskite was synthesized via a novel pathway that yielded
large high-quality single crystals, which enabled comprehensive
material characterization, summarized in Figure 1.' This com-
pound features a cleavable, layered structure, as illustrated in
Figure 1a,b. Within the highly ordered ab-plane, Fe and Cu atoms
are randomly distributed, as presented in transmission-electron
microscopy (TEM) images shown in Figure 1c, with composi-
tional analysis details in Supplement Section S1. The electri-
cal resistivity of murunskite displays single-activated behavior,
indicating no impurity states (Figure 1d). The material’s elec-
trical properties show significant anisotropy, with resistivity in
the interlayer direction about 15 times higher than in-layer, re-
flecting its anisotropic structure (inset to Figure 1d). Further-
more, murunskite undergoes an antiferromagnetic (AFM) tran-
sition, clearly manifested by a distinct peak in the heat capacity
at 97 K (Figure 1f), and corroborated by magnetic susceptibility
data (Figure 1e), confirming the presence of long-range magnetic
order. In murunskite, the metal sites are connected by sulfur lig-
and 2p orbitals, which are partially open even in the insulating
parent compound. This electronic similarity to cuprates, despite
structural similarities with pnictides, presents a unique situation
where the ligand orbitals contribute to the material’s electronic
properties, making murunskite an intriguing subject for further
study in the context of both superconductivity and magnetism.

The important finding of the present study is that murun-
skite exhibits nearly commensurate magnetic order at 97 K, even
though positions and oxidation states of the iron atoms in the
crystal lattice are disordered. This phenomenon indicates that
the magnetism in murunskite is significantly characterized by
emergent order, making it a distinctive subject for studying next-
generation magnetic materials. Unlike typical scenarios, where
real-space disorder is a secondary consideration, in murunskite
it plays a pivotal role and must be accounted for from the outset.

The similarity between murunskite and high-entropy alloys
(HEAs)!2-%6] is intriguing. In both cases, there is a crystalline
lattice with substantial site disorder, resulting in high lattice en-
tropy. For HEAs, the central question revolves around how co-
herent wave propagation is possible amidst structural disorder.
In murunskite, the key question is how long-range magnetic or-
der can be established in a lattice where magnetic and non-
magnetic ions are randomly distributed. This parallel highlights
the complexity and uniqueness of murunskite’s magnetic prop-
erties, suggesting that further exploration of such materials could
lead to new insights and advancements in magnetic and super-
conducting technologies.

The key challenge is understanding how the random distribu-
tion of magnetically active Fe?* and Fe?* ions—occupying only
a quarter of the sites, with the remaining three-quarters filled by
the closed-shell non-magnetic Cu* ions (typical for simple cop-
per chalcogenides!?’))—does not disrupt either the structural or
magnetic order. To explore this, the study first revisits previously
published data on murunskite’s electronic and crystal structure
using XPS, resistivity and magnetic susceptibility measurements
in Figure 1 and Supporting Information. It then presents new
findings from neutron diffraction and Mdssbauer spectroscopy.
It is suggested that relatively long-range magnetic interactions,
extending up to second-neighbor couplings among iron atoms,
may play a significant role. These highlight the potential involve-
ment of sulfur ligands in maintaining the observed order. The
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Figure 1. Structure and key microscopic properties of murunskite. a) Crystal structure of murunskite, where iron and copper (Cu) atoms occupy the
same crystallographic positions in the ratio 1:3. The mixed occupancy of these two elements in the lattice is indicated by red and blue, respectively.
b) Photo of murunskite single crystals on millimeter paper background; c) Atomic-resolution TEM image of murunskite, captured using a high-angle
annular dark field (HAADF) detector. The top right overlay displays a simulated random distribution of Fe and Cu atoms (represented in red and blue,
respectively) within a single layer, corresponding to the random occupation observed experimentally. The bottom right includes a 5x5 unit-cell overlay
aligned parallel to the c-axis, highlighting the periodicity of the crystal structure. d) The temperature dependence of the electrical resistivity in the
ab-plane, showing an activated semiconducting behavior. The inset shows the ratio of c-axis and ab-plane resistivities as a function of temperature.
e) Temperature dependence of the magnetic susceptibility with an applied magnetic field (H) of 1T, using both field-cooled (FC) and zero-field-cooled
(ZFC) protocols measured using a Magnetic Property Measurement System (MPMS) for temperatures below 300 K (dark blue) and a Vibrating Sample
Magnetometer (VSM) for temperatures above 300 K (light blue). The inset illustrates the derivative of the magnetic susceptibility as a function of
temperature, with red lines serving as visual guides. The solid line indicates a noticeable change in slope above 550 K, suggesting changes in the
magnetic interactions. f) Heat capacity of murunskite as a function of temperature. A prominent peak, highlighted in the inset, is observed around the
antiferromagnetic (AFM) transition temperature indicating a phase transition.

study concludes by proposing that isolating local multi-centric
wave functions as emergent building blocks could be a promising
paradigm for development and interpretation of new functional
materials. In that way, we lay the groundwork for understanding
the mechanism responsible for full orbital order at even lower
temperatures. Finally, these novel insights and approach may
shed light on how emergent properties arise from disordered sys-
tems, how local interaction affects the properties of functional
materials (e.g., cuprates), and open new possibilities for applica-
tions in material science.

2. Refinement of Magnetic Order

The random distribution of magnetic iron atoms in the 3d' cop-
per matrix of murunskite presents a compelling question: how
do the spins organize in such a system? To explore this and to in-
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vestigate the microscopic nature of the magnetic anomalies ob-
served in the magnetometry data further, both powder and single-
crystal neutron diffraction were measured on murunskite.

The neutron diffraction data and Rietveld refinement results
for three distinct temperatures are shown in Figure 2a—c. In
the paramagnetic regime, the neutron powder diffraction (NPD)
data were refined considering only the lattice contributions
(Figure 2a). At 150 K, an onset of short-range correlations was
detected, characterized by a broad diffuse scattering peak cen-
tered around 20 = 15° (see Figure S3c, Supporting Information).
Figure 2b highlights a portion of the NPD data and refinements at
110 K, emphasizing the short-range order diffuse scattering peak.
As the temperature decreases from 110 K, the intensity of the
diffuse scattering peak diminishes, and several new Bragg peaks
emerge below 100 K, indicating the formation of long-range mag-
netic order. Notably, two Bragg peaks at low angles clearly appear
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Figure 2. Neutron Powder Diffraction Analysis. a—c) NPD data and Rietveld refinement results are displayed for three representative temperatures:
200 K, 110 K, and 1.7 K. a) 200 K: The observed data could be refined using only the crystal lattice contribution. All diffraction peaks correspond to
the expected Bragg positions for the lattice with the space group 14/mmm, implying no magnetic order at this temperature. b) 110 K: The data and
refinements are similar to those at 200 K, with the addition of a broad diffuse scattering peak centered around 26 ~ 15° due to the emergence of
short-range magnetic order. ¢) 1.7 K: The refinement was conducted assuming two equally populated magnetic domains with propagation vectors
ky and k,. The best magnetic superspace groups (MSSGs) for these domains are described in the main text, revealing long-range magnetic order.
d) A contour plot of the low-angle portion of NPD data showing the temperature evolution of the diffuse scattering peak and the two main magnetic
peaks associated with the magnetic domains characterized by propagation vectors k; and k,. This plot illustrates the transition from short-range to
long-range magnetic order as the temperature decreases. e-h) Graphical representations of spin arrangements derived from the Rietveld refinements.
These diagrams show the spin configurations within 2 X 1x 1 and 2 x 2 x 0.5 crystallographic unit cells for the two magnetic domains. The diagrams
illustrate how the spins align differently in each domain, contributing to the overall magnetic structure observed in murunskite. Note that the closed-shell
Cu (blue) is non-magnetic, so the spins (shown with faded yellow arrows) and its orientation, deduced from neutron data refinement, are plotted only

to clearly illustrate the k-vectors for the arrangement of the Fe spins (yellow), despite their not being present on Cu sites.

atop the diffuse scattering peak. As the temperature continues to
drop, the intensity of these new Bragg peaks increases, eventually
saturating around 40 K.

Figure 2d illustrates the temperature-dependent behavior of
NPD data surrounding the diffuse scattering peak within the
temperature range of 110-1.7 K. This data captures the three
main features associated with the evolution of magnetism with
temperature: the short-range diffuse scattering peak, the onset
of long-range order with two main magnetic peaks below 100 K,
and the saturation of these magnetic peaks around 40 K. It is also
worth noting that the magnetic susceptibility data in Figure 1d
begins to deviate from the Curie-Weiss law at approximately
150 K, coinciding with the onset of the diffuse scattering peak
in the NPD data at the same temperature. This correlation sug-
gests a direct link between the observed magnetic anomalies and
the orbital changes in murunskite.

Neutron diffraction on a single crystal in 4-circle mode allowed
us to locate and index the Bragg peaks within the parent lattice
setting of I4/mmm: k; = (0.25, 0.25, 0) [k-point (¢40)] and k, =
(0.25, 0.75, 0) [k-point (a1 — a0)]. The profile fitting procedure
of neutron powder diffraction data using the k-vectors obtained
from single crystals did not match the observed pattern, but a

Adv. Funct. Mater. 2025, 35, 2500099 2500099 (4 of 9)

good fit was obtained assuming two close but different incom-
mensurate propagation vectors k; = (0.266(3), 0.266(3), 0) and k,
= (0.24(2), 0.76(2), 0) = (0.24(2), 1 — 0.24(2), 0).

We resolved the magnetic structure using these two k-vectors,
which could represent either a single magnetic domain with
two propagation vectors or two magnetic domains with a single
propagation vector. As neutron diffraction alone cannot distin-
guish between these scenarios, we used a two-domain, single-k
approach to determine the magnetic structure, assuming equal
populations of the k; and k, magnetic domains. Details of the
symmetry analysis and all possible magnetic superspace groups
(MSSG) associated with these domains are provided in Section S2
(Supporting Information).

To determine the incommensurate (IC) magnetic structures,
we employed the Mag2pol program for a detailed Rietveld re-
finement of the NPD diffraction pattern, considering four pos-
sible MSSGs for the k; domain and two possible MSSGs for
the k, domain. The best fits to the experimental data were ob-
tained with MSSGs Fmmm.1’(0,0,g)s00s (irrep: mDT3, mk7t4)
and B2/m.1’(a,b,0)00s (irrep: mC1, mk2t1). The refinements,
shown in Figure 2c, indicate that the magnetic moments are pri-
marily in-plane, with negligible c-components.
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Figure 3. 57 Fe Mossbauer Spectra Analysis. a) 300 K and 4K: Méssbauer spectra are displayed with the experimental data represented by black dots. The
solid lines indicate the fit to the experimental data, with blue and yellow lines representing the two paramagnetic Fe sites [Fe(1) and Fe(2), respectively],
and the red line representing the magnetic Fe site [Fe(3)]. b) 80 K: The same fitting conventions are applied, with the solid lines corresponding to the
same three iron sites. c) Temperature-dependent contribution from each of the nonequivalent Fe sites. The colors of the solid points match the lines
used in the fittings in panels (a) and (b). The shaded lines serve as visual guides, helping to track the changes in the fractions of the Fe sites as the
temperature varies. The data shows how the contributions from paramagnetic sites [Fe(1) and Fe(2)] decrease with decreasing temperature, while the
contribution from the magnetic site [Fe(3)] increases, reaching 100% at lower temperatures.

In the k; domain, the nearest-neighbor spins along the c direc-
tion are arranged in parallel, while they are antiparallel in the k,
domain. From the refinements, the total amplitude of magnetic
moment per Fe? * was found to be 3.02(7)u and 3.06(3)u; in k,
and k, domains, respectively at 1.7 K. This indicates that the mo-
ments have similar total amplitude in both domains despite the
differences in magnetic modulations.

Significantly, the faded arrows in Figure 2e-h do not corre-
spond to any local physical entity. The refinement determines the
average magnetic moments per Wyckoft site without distinguish-
ing between Cu and Fe. TEM measurements, single-crystal XRD,
and high-temperature neutron data all confirm that 3/4 of the 4d
Wyckoft sites are randomly occupied by nonmagnetic Cu* ions,
while the remaining Fe ions are predominantly in the 2 + state,
with some in the 3 + state, scattered randomly throughout the
lattice. The critical question for murunskite’s magnetism, simi-
lar to iron-pnictides, is the nature and location of these physical
magnetic moments—whether they are local (orbital) moments or
spin-density waves. To investigate it further, we turned to Mdss-
bauer spectroscopy.

3. Orbital Evolution Revealed by Méssbauer
Spectroscopy

The fitted Mossbauer spectra at various characteristic tempera-
tures, along with the temperature dependence of the observed
fractions of iron sites, are shown in Figure 3. The temperature-
dependent Mossbauer data align well with magnetization and
heat capacity measurements, revealing two paramagnetic sites
above 150 K and one magnetic site emerging below this temper-
ature in the murunskite powder sample.

The proportions of the two paramagnetic sites are approxi-
mately 80:20, remaining nearly constant until the third, mag-
netic site appears around 150 K, coinciding with the onset of
short-range magnetic ordering revealed by magnetic suscepti-
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bility (Figure 1f) and neutron data (Figure 2d). Below this tem-
perature, the fraction of the larger paramagnetic site gradually
decreases, while the smaller one remains stable until the tran-
sition to long-range order at 97 K, after which both fractions
decrease steadily. Meanwhile, the fraction of the magnetic site
increases monotonically, reaching 100% between 30 and 60 K.
This observation indicates that all iron sites become equivalent
and fully magnetically ordered at low temperatures, despite the
random distribution of local moments with two different va-
lence states. Itis consistent with neutron powder measurements,
which show magnetic peak intensities saturating around 40 K
(Figure 2d).

The observation of a unique magnetic site seems to favor the
possibility of a multi-k vector structure over a multidomain struc-
ture. However, because Mdssbauer spectroscopy is not sensitive
to the microscopic origin of the long-range magnetic field, and
simulations naturally produce a multidomain structure, the lat-
ter is preferred in the Discussion.

We benchmark the measured ratios of distinct sites by a ran-
dom distribution of Fe and Cu atoms, to obtain the expected
prevalence of various environments for the iron atoms. This
simple statistical analysis suggests that 28% of iron atoms have
only copper as their closest neighbors, while 6% have three or
four Fe neighbors. However, Fe ions with four Fe neighbors are
not preferred and are not stable, as seen in the end compound
K,sFe, (S,, where partial occupation of K and Fe positions sta-
bilizes the structure.[’] On the other hand, XPS measurements
indicate that at most one-third of Fe ions are in the 3 + state.
Then the simplest hypothesis is that Fe ions surrounded by only
Cu neighbors are in the Fe? * state, while those with mixed neigh-
bors are in the 2 + state. Moreover, because we expect some short-
range correlations between Fe positions, given the importance of
Fe dimers revealed by simulations below, it is most reasonable to
assign the 80% fraction in Méssbauer spectroscopy to the Fe? *+
ions, and the 20% fraction to Fe* * ions.
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Figure 4. Magnetic and Structural Analysis of Murunskite. a) Spin—spin interactions attributed to sites both occupied by Fe atoms, where the first-
neighbor interaction J; > 0 and both second-neighbor interactions J, 3 < 0. b) A quarter-zone configuration with two satisfied /; and J; bonds and one
frustrated J; bond, with total energy —J; + 2J;. c) Magnetic clusters in a 256 x 256-sample simulation near T_. The Fourier transform of a similar 1024
% 1024 pattern appears in panel (f). Distinct clusters of Fe ions percolating through any of the bonds in (a) are depicted in different colors. The empty
spaces are non-magnetic Cu ions. The colored sites are 1/4 of all sites, even if they dominate visually because the dots are sized to touch as nearest
neighbors. Black square: inset magnified in (d) reveals that each percolating cluster is like a tree of cracks in the non-magnetic background of Cu ions,
shown as black dots. e) Scaling of the number of Fe atoms vs. linear size (side of enveloping square) of a cluster, showing a fractal dimension of 1.50 for
clusters with more than 20 Fe atoms. The regression line is (1.5001 + 0.0092)x — 0.4856 + 0.0280. f) Fourier transform of a simulated spin distribution

for J, =J; = —1.5/,. Compare the real-space pattern in panel (c). g) Fourier transform of a distribution with J, = —1.5/; and J; = 0. Units of 2z /a.

The dominant paramagnetic site (site 1) in Mossbauer spec-
troscopy is sensitive to the onset of short-range order, while the
minority paramagnetic site (site 2) responds only to long-range
order. Both paramagnetic sites are depleted in favor of the single
magnetic site (site 3). It is inferred that Fe?* ions (with mixed
neighbors) initiate ordering fluctuations at 150 K, while Fe?*
ions contribute to the magnetic order only when it becomes long-
range. It remains an open question whether the saturation of the
magnetic site at 100% below 40 K corresponds to an Fe? + — Fe? +
orbital transition, indicating that all magnetic sites belong to a
single orbital state at very low temperatures (further details in
Section S3, Supporting Information).

4, Simulations

In disordered alloys, the Brillouin zone of the parent lattice can
persist in angle-resolved photoemission spectroscopy even when
alloying disrupts translational invariance.l?”! The disruption pri-
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marily affects the widths of the peaks in reciprocal space, which
retain some intensity as long as the material is not structurally
amorphous. We observe a similar phenomenon in the magnetic
properties of murunskite, documented here for the first time. To
substantiate this observation, we conducted simulations, with de-
tails in Section S4 (Supporting Information).

Starting with a random distribution of Fe atoms, we attributed
spin-spin interactions according to the model in Figure 4a,
connecting Fe atoms with red lines. The resulting Heisenberg
Hamiltonian was solved in the mean-field approximation on a
lattice of 1024 x 1024 sites.

Density functional theory (DFT) calculations in large super-
cells were performed to narrow down the coupling constants. We
estimate them by calculating the formation energy of the vari-
ous configurations in Figure 4a by methods developed for point
defects.[% The calculations indicate that J; must be ferromag-
netic, leading to the formation of magnetic dimers with large
moments, roughly double that of the Fe? * ions, which are found

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 81D 3|ced!dde 8Ly Aq peusenob afe sajole VO ‘88N JO S9INJ o Akeud18UI|UO /8|1 UO (SUOIPUOD-PUR-SLLIBY/LIOY™ A8 | 1M AleIq 1 BUl|UO//SdNL) SUORIPUOD PUe SWis | 841 89S *[920z/c0/c2] Uo AriqiTauljuo A1 ‘8Iniisu| 91A05s09 Jopny Aq 660005202 WiPe/200T 0T/I0p/Wod" A8 |im Ake.d jpuluo"psoueApe;/:sdny wo.j papeojumod ‘0f ‘5202 ‘820£9TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

in the output of the calculation. This explains the high magnetic
moment observed in magnetic susceptibility measurements.!’!
J, was similarly found to be negative. We could not include J; due
to supercell size limitations, because the linear arrangement of
pairs of Fe atoms interacting by J; induces artefacts of ordered
Fe chains, which can be avoided only in very large cells (at least
160 atoms). However, our simulation results suggest unequivo-
cally that J; must be similar in magnitude and sign to J, (see
Supporting Information). With these parameters, our simulation
reproduced the neutron scattering data successfully, indicating
nearly quarter-zone peaks with variations in position between
0.24 and 0.27 on either axis, depending on the random distribu-
tion of Fe sites.

A qualitatively different Fourier pattern emerged when J; was
set to 0, as shown in Figure 4g. This robustly infers the presence
of significant second-neighbor coupling in murunskite, in con-
trast to the half-zone magnetic responses typically seen in ferrop-
nictides, where all lattice sites are occupied by magnetic Fe atoms.

The simulation also provided a critical temperature T, =~
4.8],, corresponding to J; =~ 0.002 eV, much smaller than su-
perexchange interactions in cuprates!’] or antiferromagnetic
pnictides.?! This discrepancy can be attributed to the absence
of quantum fluctuations in our simulations and the lower en-
ergy differences and greater covalency of sulfur orbitals in
murunskite. The high-temperature magnetic susceptibility data
(Figure 1d) shows a change in slope around 550 K, likely corre-
sponding to the dissociation of Fe-Fe dimers, indicating a micro-
scopic J; similar to that in antiferromagnetic pnictides.

Previous DFT calculations showed that sulfur orbitals in mu-
runskite are partially open even in the insulating state, with small
spin polarization.'”! These orbitals serve as conduits for mag-
netic correlations, which must extend at least to the second neigh-
bors to account for the observed data.

Concerning the possible effect of fluctuations on our mean
field results, the effect of 2D infrared fluctuations in an ex-
treme anisotropic case of the Heisenberg model, the XXZ model,
has been analyzed recently in the context of the Hohenberg—
Mermin-Wagner theorem.3?] It was found that fluctuations that
prevent 2D order can themselves be efficiently suppressed by any
number of mechanisms. If multiple mechanisms breaking con-
tinuous symmetry act simultaneously—such as disorder, perpen-
dicular coupling, and finite size—the mechanism which yields
the highest restored T, will prevail (not the lowest, as intuition
would suggest). Based on this work, we can confidently conclude
that the disorder in Fe positions, combined with relatively strong
J1.J, and J; bonds, makes the mean-field approach sufficiently re-
liable to support the experimental results. Notably, these results
clearly reveal a ~100 K phase transition despite the compound’s
electronic and structural two-dimensionality. In particular, the
small magnetic islands into which our system fragments inher-
ently constrain long-wavelength fluctuations of the order param-
eter. More broadly, when a mean-field description aligns with ex-
perimental observations, incorporating fluctuations should not
alter the overall picture fundamentally.

5. Discussion and Conclusion

The study of murunskite reveals that its magnetic and orbital or-
der emerges in a crystal structure characterized by a complete
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disorder in the positions of mixed-valence Fe ions, which occupy
1/4 of the available tetrahedral sites, with the remaining 3/4 be-
ing filled by non-magnetic Cu* ions.['% Despite this disorder, the
magnetic responses are notably regular, with calorimetry, neu-
tron scattering, and Méssbauer spectroscopy all indicating an AF-
like transition at 97 K and a single ordered site at low tempera-
tures (~40 K).

A dedicated statistical simulation shows that real-space disor-
der can be absorbed into peak widths in inverse space, akin to
the result for disordered alloys, but in the magnetic sector. This
concept aligns well with the neutron scattering data, despite the
lack of local distortions typical of high-entropy alloys. The Moss-
bauer and XPS data provide further nuance, indicating two dis-
tinct paramagnetic sites at high temperatures, which transition
into a single magnetic site below 97 K. The emergence of this
ordered site likely results from a combination of local environ-
ments and oxidation states of Fe atoms.

The simulation indicates that magnetically ordered islands
form near the AF transition temperature, with their size and
interaction becoming extended below 40 K. Mossbauer spec-
troscopy is consistent with a conjectured gradual orbital transi-
tion from Fe3*+ to Fe?*, contributing to the long-range magnetic
order. This scenario parallels the behavior observed in cuprates,
where an orbital crossover which delocalizes doped holes signif-
icantly affects the materials’ superconductivity.!*”]

The magnetism in murunskite differs significantly from that
in pnictides, primarily due to the real-space disorder of magnetic
Fe ions. In cuprates, the situation is more similar, because dop-
ing introduces such disorder in the magnetic sector. Feedbacks
between the magnetic, orbital, and lattice degrees of freedom are
relevant for all functional materials. Murunskite is exceptional
in that the lattice is apparently not importantly involved despite
compositional Fe/Cu disorder. Decoupling of the lattice from
(conventional) magnetism has been observed in manganese con-
taining quaternary sulfosalt, however without in-depth analysis
of its crystal and magnetic structure.[**] The presence of ferro-
magnetically coupled Fe?*+ dimers and the involvement of par-
tially open S-ligand 2p orbitals suggest a unique magnetic interac-
tion mechanism, reminiscent of molecular magnets, rather than
traditional superexchange-mediated AF insulators.

From the standpoint of fundamental quantum mechanics,
the intrinsic interest of magnetic order in complex materials is
on par with phenomena such as superconductivity. In partic-
ular, our investigation of murunskite suggests that wave func-
tions coherent across multiple unit cells play a significant role.
A three-site structure has previously been inferred along similar
lines in magnetite.’) Furthermore, a very high degree of mag-
netic isolation of spin chains has been observed in some Hal-
dane S = 1 molecular materials,3* without the topological pro-
tection found in others.*> Finally, magnetism in organic crys-
tals indicates coherence among large molecules across distances
that surprisingly exceed those we learned to expect from simpler
structures.3¢37] In this context, murunskite has an unexpected
combination of magnetic complexity and structural simplicity,
possibly related to the electronic malleability of the sulfur ligands.

The discovery of robust AF order within small, tree-like mag-
netic patches in a disordered environment highlights the po-
tential for designing new materials with similar properties. The
small size of these islands, which is decoupled from the lattice
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details, suggests possibilities for applications in nanostructuring,
including the manipulation of island sizes via impurities or sub-
strate effects. This finding indicates that multi-centric wave func-
tions involving the partially open S-ligand 2p orbitals are the basic
building blocks of the clusters. The ease of cleaving the material,
combined with the emergence of full orbital and spin order de-
spite strong inherent disorder, also points to potential 2D appli-
cations, such as thin films, where recent fundamental insights
show that low dimensionality need not hinder ordering.3?!

In conclusion, murunskite displays emergent long-range
magnetic and orbital order despite significant site and high-
temperature orbital disorder among its magnetic ions. This be-
havior can be understood as a magnetic analogue of a disordered
alloy, with magnetic interactions mediated by functionalized sul-
fur orbitals. The presence of a mesoscopic cluster structure and
a possible orbital transition of Fe ions are key areas for further
experimental investigation.

6. Experimental Section

Single crystals of murunskite were grown using a two-step synthe-
sis method as previously reported.['] Initially, iron copper sulfide was
synthesized from elemental components through a solid-state reac-
tion. Subsequently, elemental potassium was added, and single crys-
tals were grown from the melt by slow cooling. The following mea-
surements and analyses were performed on large high-quality single
crystals:

Powder Neutron Diffraction: Measurements were conducted on the
D20 beamline at the Institut Laue Langevin (ILL) in Grenoble. Approx-
imately 1.1 g of powder was placed in a vanadium container and mea-
sured using a wavelength of 2.4 A. The high-intensity 2-axis diffractome-
ter, equipped with a large microstrip detector and operating at extremely
high neutron flux, enabled full powder diffraction measurements at a base
temperature, as well as temperature-dependent studies over an interest-
ing range.

Single Crystal Neutron Diffraction: A large murunskite single crystal
(6 X 7 x 4 mm?) was analyzed using the ZEBRA instrument at the Paul
Scherrer Institut (PSI) in Villigen. The measurements were conducted in
a 4-circle mode with both short (1.18 A) and long (2.32 A) wavelengths,
utilizing a point detector and a 160 mm x 160 mm area detector, which
facilitated reliable determination of k-vectors.

Méssbauer Spectroscopy: Mdossbauer spectra were recorded at the
Méssbauer setup at the University of Krakow, Poland, to determine the
local Fe environment and magnetic structure of murunskite. The spectra
were collected in standard transmission geometry for the 14.41 keV transi-
tion in 57Fe using a 57Co(Rh) source at ambient pressure and room tem-
perature. The absorbing sample was prepared by mixing 30 mg of murun-
skite powder with a B4C carrier, resulting in an absorber thickness of 14.9
mg cm~2. Temperature control was maintained using a Janis Research Co.
SVT-400 cryostat, with a long-term accuracy of better than 0.01 K (except
at 4.2 K, where accuracy was better than 0.1 K). ARENON MsAa-4 Méss-
bauer spectrometer equipped with a Kr-filled proportional counter was
used to collect the spectra in the photo-peak window. The velocity scale of
the spectrometer was calibrated using a Michelson-Morley interferometer
with a He-Ne laser. Spectral shifts are reported relative to natural a-Fe at
ambient pressure and room temperature. The spectra were fitted using the
transmission integral approximation with the Mosgraf-2009 software.[38!

Symmetry Analysis:  Symmetry analysis was performed using ISODIS-
TORT from the ISOTROPY software suite,[3>%%] along with tools from the
Bilbao Crystallographic Server.[4142] The Rietveld refinement of neutron
powder diffraction data was carried out using the Mag2pol program,[43]
leveraging its internal tables for neutron scattering lengths to determine
crystal and magnetic structure parameters.
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DFT Calculations: The Quantum ESPRESSO package was used,[4443]
with the PBESOL exchange-correlation functional.[46#7] Pseudopotentials
were taken from.[*3] The kinetic energy cutoffs were 80 Ry for wave-
functions, and 600 Ry for charge density and potentials. The Brillouin zone
sampling was 8x8x5 with no shift for a 40-atom supercell. The DFT+U ap-
proach was according to.[*?] The Hubbard interaction for the Fe 3d orbitals
was 3.7606 eV, and 4.0 eV for Cu 3d, calculated according to.150]

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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