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Conventional exfoliation exploits the anisotropy in bonding or compositional character to delaminate 2D

materials with large lateral size and atomic thickness. This approach, however, limits the choice to

layered host crystals with a specific composition. Here, we demonstrate the exfoliation of a crystal along

planes of ordered vacancies as a novel route toward previously unattainable 2D crystal structures.

Pyrrhotite, a non-stoichiometric iron sulfide, was utilized as a prototype system due to its complex

vacancy superstructure. Bulk pyrrhotite crystals were synthesized by gas-assisted bulk conversion, and

their diffraction pattern revealed a 4C superstructure with 3 vacancy interfaces within the unit cell.

Electrochemical intercalation and subsequent delamination yield ultrathin 2D flakes with a large lateral

extent. Atomic force microscopy confirms that exfoliation occurs at all three supercell interfaces,

resulting in the isolation of 2D structures with sub-unit cell thicknesses of 1/2 and 1/4 monolayers. The

impact of controlling the morphology of 2D materials below the monolayer limit on 2D magnetic

properties was investigated. Bulk pyrrhotite was shown to exhibit ferrimagnetic ordering that agrees with

theoretical predictions and that is retained after exfoliation. A complex magnetic domain structure and

an enhanced impact of vacancy planes on magnetization emphasize the potential of our synthesis

approach as a powerful platform for modulating magnetic properties in future electronics and spintronics.
Introduction

In recent years, two-dimensional (2D) materials have emerged
as a new class of materials with unique physical, chemical, and
electronic properties. These materials, which are only a few
atoms thick, have attracted signicant attention due to their
potential applications in electronics, optoelectronics, energy,
and biomedical elds.

To produce atomically-thin 2D materials, the structural
anisotropy of 2D materials is exploited. Bottom-up growth
processes and mechanical exfoliation rely on the difference in
bonding character between in-plane and out-of-plane bonds.1

Chemical exfoliation processes, on the other hand, utilize the
difference in composition within a layered crystal.2 While those
approaches have yielded 2D materials with high quality and
scale, they are limited to producing crystal compositions and
phases that intrinsically exhibit a layered structure.

Here, we demonstrate the atomically precise exfoliation
along ordered vacancy interfaces within a compositionally
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uniform crystal. In many systems, the vacancy-induced strain
relaxation in crystals results in the distribution of vacancies into
complex and periodic superstructures. Vacancy interfaces are
a universal characteristic of a wide variety of materials and
crystal structures.3 Moreover, the spacing of vacancy interfaces
can be nely controlled by adjusting vacancy concentration and
thermodynamic conditions, which could provide unprece-
dented freedom in designing the morphology of 2D materials.

We utilize pyrrhotite as a platform to demonstrate the exfo-
liation of 2D materials along vacancy planes for the rst time.
Pyrrhotite represents a range of materials with a composition
Fe1−xS (0 # x # 0.15). Depending on the concentration of
vacancies in the metal cation site, four different commensurate
and a multitude of incommensurate superstructures have been
identied. These structures differ in the repeat number along
the crystallographic c-axis, which can take on the integer values
3, 4, 5, and 6 as well as non-rational numbers.4,5

Bulk pyrrhotite was synthesized by the sulfurization of iron
foil. The resulting pyrrhotite structure was conrmed by X-ray
diffraction and Raman spectroscopy. Electrochemical interca-
lation with chlorine ions and subsequent delamination was
found to retain the pyrrhotite structure. The diffraction char-
acterization revealed that the crystal structure of the exfoliated
pyrrhotite was of the 4C type. We found that the thickness of the
thus-exfoliated pyrrhotite could be below the predictions of
a complete unit cell, achieving fractional monolayer thickness,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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which is consistent with the predictions for exfoliation along
the vacancy planes. Our results provide a novel route for
controlling the properties of 2D materials, and we demonstrate
its application in tailoring magnetic 2D materials. Similar to
bulk pyrrhotite, vacancy-delaminated 2D pyrrhotite retains
ferrimagnetic ordering. Sub-unit 2D pyrrhotites were found to
have enhanced magnetic ordering and complex magnetic
domain structures, making them promising for future appli-
cations in spintronics and memory.
Experimental

Bulk pyrrhotite was synthesized by directly sulfurizing iron
using iron foil (Alfa Aesar, 99.5% (metals basis), 0.025 mm
thick) as a precursor. The iron foil was annealed under
hydrogen at 400 °C for 2 hours and then heated to 850 °C in 30
minutes to remove the natural surface oxide. The iron foil and
sulfur powder were placed in a ceramic boat (Fig. 1(a)), and the
sample was annealed at 350 °C for 6 hours to sulfurize iron at
a pressure of 10−3 Torr. The ESI† provides details on the types
and measurement parameters of all instruments used for
material analysis.
Results and discussions

Aer the bulk conversion process, the produced material is
characterized by electron microscopy and spectroscopy. Scan-
ning Electron Microscope (SEM) images demonstrate a layered
structure (Fig. 1(b)), which agrees with previous reports on
pyrrhotite.6 Elemental analysis reveals a Fe : S ratio of 0.96 : 1, as
expected for pyrrhotite (see ESI†). This assessment is supported
by spectroscopy and diffraction. Raman spectroscopy demon-
strates the presence of two peaks at 340 cm−1 and 374 cm−1

(Fig. 1(c)), which exclude several other substoichiometric iron
suldes (see ESI†).

The X-ray powder diffractogram (XRPD) for the sample is
presented in Fig. 1(d). The interatomic spacings, d, can be
calculated by using Bragg's equation from the angles which give
Fig. 1 (a) CVD setup diagram, (b) the layer structure at pyrrhotite
cross-section SEM image, (c) Raman characterization for pyrrhotite
sample, (d) XRPD characterization for pyrrhotite sample.

© 2023 The Author(s). Published by the Royal Society of Chemistry
diffraction peaks. XRPD data shows that the sample is hexag-
onal Fe1−xS. Consider a set of values of h1, k1, l1, and d1, where
d1 is the interatomic spacing of atoms in the planes with Miller
indices (h1k1l1), and h2, k2, l2, and d2, where d2 is the interatomic
spacing of atoms in the planes with Miller indices (h2k2l2). The
matrix equation for a hexagonal system (a = b s c) obtained is
as follows:2
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The lattice constants (a and c) for a hexagonal crystal from
eqn (1) are obtained as:
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If either h1 = k1 = 0 or h2 = k2 = 0, we obtain

c ¼
(
d1l1 if h1 ¼ k1 ¼ 0

d2l2 if h2 ¼ k2 ¼ 0
(4)

If l1= l2= 0 or h1= k2= h2= k2= 0, eqn (2) and (3) cannot be
used.

By using eqn (2) and (3) and the values from the XRPD data,
we obtain Table 1 and the lattice constants for pyrrhotite, which
are a = 6.895(6) Å and c = 22.788(0) Å. The calculated results
agree with those reported by Nkoma and Ekosse.7

Two-dimensional pyrrhotite has been produced by several
methods, such as a hydrothermal method,8–10 systematic
reduction of pyrite FeS2 lms by vacuum annealing,11 and
a molecular sieve-assisted CVD method.12 In 2017, Chen et al.
obtained pyrrhotite nanosheets in a top-down approach from
a pyrrhotite–hexylamine intermediate (inorganic–organic
hybrid intermediate) synthesized by the hydrothermal method
through ultrasonic treatment in an organic solvent.13 However,
these bottom-up methods produce stable stoichiometries
without ordered vacancy planes and only yield 2D layers with
thicknesses that are limited by the unit cell dimension.
Table 1 XRPD values of (h1k1l1), d1, (h2k2l2), d2 used to calculate a and c
for pyrrhotite

(h1k1l1) d1 (Å) (h2k2l2) d2 (Å) a (Å) c (Å)

(200) 2.9869(0) (204) 2.6459(8) 6.8979 22.8127
(204) 2.6459(8) (208) 2.0585(1) 6.9074 22.6991
(208) 2.0585(1) (220) 1.7518(4) 6.8873 22.7591
(200) 2.9869(0) (208) 2.0585(1) 6.8979 22.7273
(204) 2.6459(8) (220) 1.7218(4) 6.8873 22.9418

Mean 6.895(6) 22.788(0)

Nanoscale Adv., 2023, 5, 4074–4079 | 4075



Fig. 3 (a) SAED pattern for the exfoliated pyrrhotite, (b) diffraction
point intensity along directions indicated in (a) and (c) schematic of the
corresponding superstructure (the blue planes show the iron vacancy
layers in pyrrhotite 4C, where 1, 2, 3 are the indices of the vacancy
planes and 0 denotes vacancy-free pyrrhotite planes), (d) height
histogram with the indication of fractional thicknesses, (e) AFM image
demonstrating 1/4 unit cell thickness corresponding to single
vacancy-terminated sub-unit layer.

Nanoscale Advances Paper
Instead of utilizing mechanical exfoliation14,15 to exfoliate
bulk crystals into 2D layers, which has little control over the
delamination process, we conduct top-down patterning of the
bulk crystal to take advantage of pyrrhotite's vacancy super-
structure. We employ electrochemical exfoliation instead, due
to its demonstrated ability to exert minimal delamination force
and produce large, defect-free 2D layers.16

For this purpose, bulk pyrrhotite was used as the working
electrode, and a platinum rod served as the counter-electrode. A
1 M sodium chloride aqueous solution was employed as the
electrolyte. A static bias of +1 V was rst applied to the
pyrrhotite electrode for 5 minutes, followed by ramping the bias
to +10 V for 1 minute. Under these conditions, the electro-
chemical intercalation of Cl− anions occurs when the initial low
potential is applied. Upon the formation of Cl2 at a higher
overpotential (see ESI†), the interlayer distance of pyrrhotite is
increased, and exfoliation occurs (Fig. 2(a)).17

The resulting material suspension was drop-casted onto
substrates and characterized by Optical Microscopy (OM). As
with other 2D materials, a distinct color contrast is observed
compared to the substrate, which originates from interference
at the interfaces of the 2D material (Fig. 2(b)).18 From the extent
of uniform contrast regions, layer dimensions of tens-of
micrometers can be extracted. Raman spectroscopy of the
exfoliated akes demonstrates the presence of the same
features as bulk pyrrhotite (Fig. 2(c)). However, changes in peak
position and peak intensity are observed, which can be attrib-
uted to the change of the inter-atomic distances upon isolation
of 2D layers.19,20

Finally, we demonstrate the presence of large and uniform
sheets by atomic force microscopy (Fig. 2(d)).

We characterize the exfoliated pyrrhotite by selected area
electron diffraction (SAED) (Fig. 3(a)). Diffraction is a powerful
tool to establish the complex structure of pyrrhotite. In addition
Fig. 2 (a) Schematic of exfoliation, (b) the OM image of the exfoliated
product sheets on a silicon wafer, (c) Raman characterization for the
exfoliated product sheets in (b) and (d) the AFM morphology image of
exfoliated pyrrhotite sheets.

4076 | Nanoscale Adv., 2023, 5, 4074–4079
to revealing the hexagonal structure of the material, SAED
shows varying intensity for several characteristic diffraction
peaks (Fig. 3(b)). Through the correlation of this intensity
distribution with simulation, the structure of a unit cell can be
established.21 We observe a low-intensity (102) feature that rules
out a defect-free octuple unit (Fig. 3(b)). Moreover, a high-
intensity (103) peak indicates that the structure is not
symmetrically divided into two sub-units. The analysis of
diffraction intensity suggests that the exfoliated pyrrhotite
consists of three vacancy planes in the form (10 203 000), where
1, 2, 3 are the indices of the vacancy planes, and 0 denotes
vacancy-free pyrrhotite planes (Fig. 3(c)).

The unique pyrrhotite superstructure suggests that cleavage
can occur at three equivalent sites: if cleaved at the 1 vacancy
plane, a complete octuple unit cell emerges, whereas cleavage at
the 2 or 3 planes leads to subdivisions of the unit cell into 1/4 or
1/2, respectively.

Statistical analysis of atomic force micrographs demon-
strates that the exfoliation into sub-units indeed occurs along
these vacancy planes. Fig. 3(d) shows a height histogram taken
across a large-scale AFM image, and each distinct peak corre-
sponds to the number of layers with similar thicknesses. We
© 2023 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 (a) The room temperature hysteresis and (insert) temperature
dependent magnetization of pyrrhotite 4C bulk, (b) the MFM phase
image at P2 in Fig. 2(b). Red dotted circles mark opposite contrast
regions, (c) the height profile and the corresponding phase contrast of
line 3 in (b) and (d) the relation between the magnetic phase contrast/
thickness and the thickness.

Paper Nanoscale Advances
observe that the separation of these peaks is not in full incre-
ments of the unit-cell (u.c.) dimension but 1/2 and 1/4 fractions
occur. From these observations that the exfoliation of pyrrhotite
occurs in vacancy layers. We observe sheets with a minimum
thickness of 0.57 nm representing the thinnest possible
vacancy-terminated layer in the pyrrhotite unit cell, e.g. 1/4 of
a monolayer (Fig. 3(e)).

Our results open up a new route toward tailoring the
morphology of 2D materials with unprecedented precision and
control. To date, 2D materials exfoliation could only be con-
ducted from layered host crystals,22 which limits the achievable
compositional variability. The universal nature of vacancy
interfaces could extend the range of compositions and
symmetries beyond layered structures.

We investigate the impact of this powerful method on the
emerging eld of 2D magnetism. Previous work has demon-
strated the strong connection between structural and magnetic
properties in 2D materials with complex morphology. Wu et al.
demonstrated the formation of Néel skyrmions at the interface
between WTe2 and Fe3GeTe2 2D layers.23 Moreover, the
magnetic transition temperature and coercive eld of 2D
magnetic materials were enhanced by interfacial coupling with
suitable nonmagnetic 2D materials.24 Finally, the stacking
thickness and twisting angle were shown to drastically affect the
magnetic behavior of 2D materials.25

The control over pyrrhotite morphology offers a promising
route to manipulating its magnetic response. The magnetic
behavior of pyrrhotite is intimately linked to its crystal and
vacancy structure. The crystallographic c-direction features
antiferromagnetic (AFM) interactions between adjacent Fe
atoms, while the ab-plane is characterized by ferromagnetic
(FM) interactions between iron atoms occupying every other
corner of a hexagon. The exchange coupling constants J1 and J2,
which are negative and positive, respectively, dominate these
interactions (see ESI†). The magnetic behavior in pyrrhotite can
be understood following the Goodenough–Kanamori–Anderson
(GKA) rules.26–28 The Fe–Fe distance of atoms stacked along the
crystallographic c-direction is less than 3 Å, which enables
effective d orbital overlap without ligand participation. This
arrangement explains the origin of the AFM interaction between
adjacent spin-alternating Fe layers. On the other hand, the FM
interacting iron atoms occupy every other corner of the hexagon
formed in the ab-plane, and the distances allow for orbital
overlap, minimizing the intra-site Coulomb energy and favoring
FM coupling.

This competition between AFM and FM coupling is per-
turbed by the presence of vacancies. The periodic arrangement
of Fe vacancies in the c-direction will weaken the AFM coupling
and result in a small average moment29 leading to weak
ferrimagnetism.

We conrm this mechanism in bulk pyrrhotite. The hyster-
esis of pyrrhotite 4C bulk observed from SQUID shows that the
magnetic moment at saturation for Fe is 2.67mB (Fig. 4(a)),
which is close to the value predicted by density functional
theory (DFT) and Monte Carlo simulations (lit.,30 2.62mB).

Fig. 4(a) insert shows the magnetization temperature
dependence from 400 K to 4 K. It shows a Besnus transition of
© 2023 The Author(s). Published by the Royal Society of Chemistry
ferrimagnetic characteristics at 34 K, as observed by Rochette
et al.,31 which was attributed to a change in the magnetization
easy axis direction within the basal plane. The Curie tempera-
ture obtained by the graphical method is about 473 K (see ESI†),
which is quite close to the 450 K reported by Kuhn et al.32

We investigated the magnetic response of 2D pyrrhotite
using magnetic force microscopy (MFM). The MFM phase
image (Fig. 4(b)) shows the retention of ferrimagnetism for the
exfoliated pyrrhotite, with distinct domains observed within
layers of the same thickness. Opposite magnetization directions
can be found in the same akes (regions 1 and 2 in Fig. 4(b)),
demonstrating the magnetization's stability even at room
temperature.33 At the same time, as observed in ferrimagnetic
nanosheets by Cheng et al., uniform domains with anti-parallel
magnetization shrink with decreasing thickness (the thickness
of region 1 is 9-unit-cell, and the thickness of region 2 is 112-unit-
cell), indicating a tendency toward single-domain behavior.34

Finally, a relationship between thickness and magnetic
phase contrast shows an increase in contrast with thickness as
expected for the bulk material (Fig. 4(c)). Closer analysis,
however, reveals that the magnetic response from each iron
atom decreases with thickness (Fig. 4(d)). This result is not only
consistent with the trend of ferrimagnetic materials re-
ported,33,35 but also conrms the importance of vacancy planes
to the magnetic response of pyrrhotite and indicates that layer-
by-layer assembly of 2D pyrrhotite could lead to enhanced
ferrimagnetism.
Conclusions

In a top-down approach, we rst demonstrate the exfoliation of
2D materials along vacancy planes in pyrrhotite. This not only
conrms the importance of vacancy planes to the magnetic
response of pyrrhotite but also opens up the possibility of
Nanoscale Adv., 2023, 5, 4074–4079 | 4077
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tailoring non-vdW magnetic 2D materials. The experimental
results display that the vacancy-delaminated 2D pyrrhotite
maintains ferrimagnetic ordering, which is similar to that of
bulk pyrrhotite, and indicates that layer-by-layer assembly of 2D
pyrrhotite can enhance ferrimagnetism. These results advance
our understanding of the complex structure–property relation
in 2D magnets and enable promising applications in future
electronics and spintronics.
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