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ABSTRACT: Driven by numerous discoveries of novel physical
properties and integration into functional devices, interest in one-
dimensional (1D) magnetic nanostructures has grown tremen-
dously. Traditionally, such structures are accessed with bottom-up
techniques, but these require increasing sophistication to allow
precise control over crystallinity, branching, aspect ratio, and
surface termination, especially when approaching the subnanom-
eter regime in magnetic phases. Here, we show that mechanical
exfoliation of bulk quasi-one-dimensional crystals, a method similar
to those popularized for two-dimensional van der Waals (vdW)
lattices, serves as an eflicient top-down method to produce
ultrathin freestanding nanowires that are both magnetic and
semiconducting. We use CrSbSe; as a representative quasi-1D vdW
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Magnets

crystal with strong magnetocrystalline anisotropy and show that it can be exfoliated into nanowires with an average cross-section of
10 + 2.8 nm. The CrSbSe; nanowires display reduced Curie—Weiss temperature but higher coercivity and remanence than the bulk
phase. The methodology developed here for CrSbSe;, a representative for a vast class of 1D vdW lattices, serves as a blueprint for
investigating confinement effects for 1D materials and accessing functional nanowires that are difficult to produce via traditional

bottom-up methods.

B INTRODUCTION

Nanoscale low-dimensional magnetic devices have enabled
studies of a vast range of exotic physical phenomena' ™ such as
spin-Peierls transitions in spin chains” and superconductivity in
spin-ladder systems® and have given rise to technologies
spanning magnetic refrigeration,”’” implantable bioelec-
tronics,”” and data storage devices.'””'* Many of these
technologies benefit from the use of one-dimensional (1D)
magnetic nanostructures, which have smaller footprints, greater
sensitivity toward external stimuli, and enhanced coercivity
enabled by their inherent shape anisotropy.'> The advantages
conferred by nanowires have led to numerous advances in
bottom-up synthetic routes, such as vapor- and solution-phase
growth,'*"* electrodeposition,"*™*" and lithographic meth-
ods,””** which can yield freestanding magnetic nanowires with
well-defined diameters, lengths, compositions, and phase
purity. Challenges remain, however, because these traditional
bottom-up methods often do not allow for precise control over
the long-range nanowire morphologies, and they typically lead
to surface passivation and the formation of defects.”*™*’
Alternatively, one can employ top-down approaches to isolate
wires from bulk crystals, as demonstrated with MogS;I¢,>" "
SnIP,** and V,Se, " which comprise strong covalently
bonded molecular chains connected by van der Waals (vdW)
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interchain interactions. This approach has shown great
promise because starting from ostensibly more highly ordered
and surface defect-free bulk crystals yields nanowires whose
structural and physical properties enable potential applications
in transistors and photovoltaic devices.’””’~*" To our
knowledge, however, these softer methodologies have not
been extended to magnetic vdW phases and, critically, their
utility in accessing highly desirable ultrathin magnetic
nanowires remains largely unexplored.

Here, we describe a top-down approach to fabricating
semiconducting magnetic nanowires from bulk crystals
comprising 1D inorganic magnetic chains held together
predominantly by vdW interactions. Contrasting with related
methods pioneered for instance with the solution stabilization
of Li,MoSes highly polar solvents,”** this method is distinct
because it does not require cation solvation and produces free-
standing nanowires that do not require solution or surface
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100 um

Figure 1. Structure and characterization of CrSbSe;. (a) X-ray crystal structure of CrSbSe; at 298 K, with the unit cell outlined in black (left) and
the double-rutile chains extending along the b axis labeled with three relevant of Sb—Se distances (right). Green, gray, and yellow spheres represent
Cr, Sb, and Se, respectively. (b) A single crystal of flux-grown CrSbSe;. (c) SEM micrograph of an as-synthesized CrSbSe; single crystal after
mechanical cleavage. (d) SEM micrograph with the corresponding EDS elemental maps of CrSbSe;.
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Figure 2. Magnetic structure of the CrSbSe, lattice. (a) Comparison of the neutron diffraction profiles at 10 K (ferromagnetic state) and 300 K
(paramagnetic state) in the absence of an external magnetic field. (b) Final observed (red dots), fitted (black curve), and difference (blue curve)
powder neutron diffractograms of bulk CrSbSe;. Several zone axes of interest are labeled with their respective Miller indices. (c) Refined magnetic
structure of CrSbSe; derived from the powder neutron diffraction profile projected along the [010] (top) and [001] (bottom) axes.

stabilization. In fact, the methodology reported here is most
closely related to the mechanical exfoliation of 2D vdW phases
popularized with graphene and transition metal dichalcoge-
nides. Indeed, although exfoliation is obviously widely used
with bulk 2D vdW lattices, including for producing free-
standing ultrathin magnetic sheets,”* ™’ it has rarely, if ever,
been used on bulk 1D vdW magnetic lattices, whose magnetic
behavior upon dimensional reduction to the nanowire regime
likewise remains poorly understood.

To highlight the potential utility of 1D vdW exfoliation in
the production of magnetic nanowires, we chose CrSbSe; as a
representative example. Although there are numerous bulk
phases that can be described as 1D vdW crystals, exceedingly
few show magnetic ordering.sg_62 Featuring weakly associated
double-rutile chains of covalently bonded atoms, bulk CrSbSe;
exhibits robust ferromagnetic ordering below 71 K.°>** The Sb
atoms are critical: their lone pairs provide steric repulsion that
separate individual CrSbSe; chains and open vdW gaps. We
used time-of-flight (TOF) powder neutron diffraction to
establish the ferromagnetic ground state and the apparent
magnetocrystalline anisotropy of CrSbSe; and show that as-
synthesized CrSbSe; crystals can be readily exfoliated into 10
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+ 2.8 nm thick nanowires. Importantly, the exfoliated CrSbSe;
nanowires are resistant to oxidation under ambient conditions.
Exfoliation of the bulk crystals into long and thin nanowires
significantly decreases the Curie—Weiss temperature (Ocw)
and simultaneously increases their coercivity and remanence.
Exfoliation thus produces a harder ferromagnetic phase than
bulk CrSbSe;, as has also been seen upon nanostructuring
traditional ferromagnets such as Ni and Fe,0;.°>°° These
findings demonstrate that well-established exfoliation methods
can be adapted to new classes of functional vdW lattices,
particularly for the creation of 1D magnetic nanostructures.

B RESULTS AND DISCUSSION

As reported previously, CrSbSe; crystallizes in the ortho-
rhombic Pnma space group and features double-rutile chains of
covalently bonded atoms extending along the b axis (Figure
12).°*** The Sb atoms occupying the edge of the double-rutile
chains bind three Se atoms in trigonal pyramidal geometry.
Owing to the close electronegativity values of Sb and Se, the
lone pair on Sb provides steric repulsion and forms a vdW gap
with Se orbitals on neighboring chains. Indeed, the nearest
neighbor distance between a Sb atom on one chain and a Se
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Figure 3. Morphology and stability of solution-exfoliated CrSbSe; nanowires. (a) CrSbSe; dispersions in iPrOH/H,O solvent mixtures with
increasing iPrOH volume ratios (%Vp,op/View) 2nd decreasing polarity from left to right. Vio.; denotes the total volume of iPrOH and H,O. (b)
Representative SEM micrograph of the drop-casted CrSbSe; nanowires on 300 nm SiO,/Si. (c) Cross-section distributions of CrSbSe; nanowires
determined by AFM imaging. (d) AFM image of a single CrSbSe; nanowire with the corresponding line profile (top) and 3D topographical view
(bottom). (e) Micro-Raman spectra of the bulk and exfoliated CrSbSe;. The symmetries of the phonon modes corresponding to directions
perpendicular (Ag) and parallel (Bg) to the crystal long axis are labeled in blue and purple, respectively. (f) XPS spectra of the Cr 2p and the Sb 3d
of both bulk crystals and exfoliated nanowires of CrSbSe;. In the Sb 3d spectrum, the peak marked by an asterisk corresponds to the O 1Is

contribution from the exfoliation solvent.

atom on an adjacent chain, 3.2494(9) A, is much longer than
the Sb—Se bond distances within a chain: 2.6473(8) A and
2.6679(11) A (Figure la, Table S4). Bulk CrSbSe; is grown
either by typical solid state melt synthesis, which yields
polycrystalline powders, or by flux growth, which yields needle-
like millimeter-sized single crystals with fibrous morphology, a
macroscopic indication of the quasi-1D vdW nature of the
crystals (Figure 1b,c; see section I in Supporting Information
for synthesis details). Elemental mapping by energy-dispersive
X-ray spectroscopy (EDS) confirmed the homogeneous
distribution of Cr, Sb, and Se throughout the crystals (Figure
1d).

We used TOF powder neutron diffraction to determine the
magnetic structure and correlate structural parameters in
CrSbSe; with its established bulk ferromagnetic behavior. It
had been shown that the ferromagnetic transition temperature
(Tc) of bulk CrSbSe; is at approximately 71 K. As such, we
refined neutron diffraction data above and below T¢.
Significantly, data collected at 10 K displayed increased
intensity for several Bragg peaks at the high TOF (>100 000
us) or d-spacing region (Figure 2a). Indexing and refinement
of this data revealed that the magnetic unit cell has the same
parameters as the crystallographic unit cell (Figure 2b, Tables
S2 and S3). Rietveld refinement of the neutron diffraction
patterns revealed ferromagnetic order with spin moments
aligned along the a axis (Figure 2c). Because magnetic neutron
scattering is sensitive only to the magnetic moment
components that are perpendicular to the scattering vector,
the absence of the magnetic (100) peak indicates perfect
alignment of the ferromagnetically ordered moments along the
a axis, without spin canting. These data confirm the
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magnetocrystalline anisotropy and the magnetic easy axis,
previously suggested solely on the basis of magnetic
susceptibility measurements of oriented crystals.”® Similarly,
the neutron-diffraction-derived magnetic moment of 3.06(7)
ug/Cr is consistent with the ground spin state of S = 3/2 for
Cr(III), determined from magnetization data.

With evidence in hand that CrSbSe; presents as a quasi-1D
vdW crystal that shows both magnetic ordering and significant
anisotropy, we sought to investigate changes to these
properties upon isolating nanowires from the bulk. To do so,
we employed a solution technique pervasive in 2D vdW
materials that involves systematic tuning of polarity and
dispersity of solvent mixtures to optimize exfoliation.””~" To
this end, the isopropanol (iPrOH)—water mixture covers a
wide range of both dispersive and polar parameters and was
also used here.”””" For CrSbSe;, we found that a volumetric
30:70 iPrOH/water mixture yields the highest concentration of
dispersed CrSbSe; nanowires (Figure 3a, Table SS). Although
exfoliation of bulk CrSbSe; powder in 100% iPrOH also gives a
somewhat even more concentrated dispersion, it leads to
isotropic nanoparticles of CrSbSe; rather than nanowires
(Figure S4). Subjecting the suspended CrSbSe; nanowires to
liquid cascade centrifugation (see section I in Supporting
Information for exfoliation details) yields abundant nanowires
with lengths exceeding 1 ym (Figures 3b and S1). Measure-
ment of 70 individual randomly oriented nanowires using
atomic force microscopy (AFM) gave an average cross-section
of 10 + 2.8 nm (Figures 3c and S2). Thus, the exfoliation—
centrifugation method is particularly efficient at producing
ultrathin and long wires with a narrow cross-sectional
distribution. Indeed, three-dimensional AFM topographical
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view of single nanowires revealed uniform thickness along the
length of the nanowire, with no tapering, branching, or kinking
that is often seen in nanowires grown by bottom-up methods
(Figure 3d bottom). Furthermore, nanowires produced by our
method are smooth, with surface roughness of +0.2 nm over 1
um, further highlighting the absence of morphological
distortions, discontinuities, or cracks along the nanowire
surface (Figure S3). This successful exfoliation process
demonstrates that concepts and techniques in traditional top-
down exfoliation in 2D vdW materials can be extended and
translated to magnetic vdW materials with lower dimension-
alities.

Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) confirmed the phase identity, crystallinity, and surface
stability of the exfoliated CrSbSe; nanowires. Because phonon
modes are directly correlated to the structural identity and
inherent crystallinity of a material, we probed the evolution of
these modes in CrSbSe; upon its exfoliation from bulk into
nanowires. As shown in Figure 3e (see also section 4 in
Supporting Information), all Raman modes present in bulk
CrSbSe; are also found in exfoliated nanowires, including the
most prominent bands at 212.8 and 174.4 cm™’, whose narrow
full-width-at-half-maximum values of 10.0 and 6.3 cm™},
respectively, remain nearly unchanged and indicate a high
degree of crystallinity. We attribute lower energy shifts of
approximately 2 cm™ to phonon confinement effects as the
lattice is reduced from bulk to nanowires.”” XPS of CrSbSe,
single crystals and exfoliated nanowires, shown in Figure 3f,
revealed two energy bands for Cr, at 575.2 eV (2p;/,) and
584.6 eV (2p,,), which agree well with the reported binding
energy of Cr 2p in similar coordination environments.”> The
broad nonsymmetric peak shape of the Cr 2p peaks can be
attributed to multiplet splitting, which is common for Cr(III)
compounds (see Figure S6 for detailed peak fitting).”*
Similarly, the Sb 3d spectra of bulk crystals and exfoliated
nanowires both show two bands at 529.3 eV (3d;/,) and 538.8
eV (3d;,), in good agreement with literature values for Sb (see
Figure S7 for detailed peak fitting).” Notably, there are no
signs of oxidation upon exfoliation, as evidenced by the
absence of higher binding energy peaks in both the Cr 2p and
the Sb 3d regions (see Se 3d region in Figure S8).

Exfoliating bulk crystals into nanowires allows systematic
studies for understanding the evolution of magnetic properties
of CrSbSe; upon nanosizing. We first confirmed the magnetic
properties of bulk CrSbSe; by susceptibility measurements
from 2 to 300 K under an applied field of 1 kOe. A linear fit of
these data in the high temperature region gives an effective
moment of 4.2 yiz/Cr, in agreement with the spin-only value
expected for Cr(III) (3.9 ug). Fitting these data to the Curie—
Weiss law gives Ocw ~ 133 K, indicating ferromagnetic
coupling between the Cr’* centers, with T¢ of around 70 K
(see fitting details in Table S7). The field-dependent
magnetization curve at 2 K collected at fields up to 80 kOe
saturates at 3 p3/Cr, further confirming both the phase purity
and ferromagnetic ordering of the Cr’* spins in the bulk
CrSbSe; lattice (Figure 4a). Close inspection of the magnetic
hysteresis loop indicates that both the coercivity, H, and the
remanence are very low (H, = 140 Oe), in agreement with
previous reéports classifying bulk CrSbSe; as a soft
ferromagnet.®”**

Generally, the magnetization behavior of nanostructures
tends to minimize the total free energy in terms of exchange
energy, Zeeman energy, magnetoelastic energy, and anisotropy
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Figure 4. Magnetic properties of bulk polycrystalline powder and
exfoliated nanowires of CrSbSe;. (a) Comparison of the M—H data
for bulk and exfoliated nanowires of CrSbSe; at 2 K. (b) Temperature
dependent field-cooled (FC) and zero-field-cooled (ZFC) molar
magnetic susceptibility curves of bulk and exfoliated CrSbSe; under
an applied field of 1 kOe. (c) Curie—Weiss fits of the temperature-
dependent inverse susceptibilities for bulk and exfoliated CrSbSe;.

energy. Among these, the variation of the anisotropy term with
particle shape has been experimentally and theoretically
investigated extensively’”’®”” and has been found to
significantly influence fundamental magnetic properties includ-
ing the coercivity, remanence, saturation magnetization, easy
axis, and magnetic reversal process.””’”’® Naturally, particle
size also affects physical properties, especially when reaching
the nanometer regime.79 In magnetism, these finite-size effects
are evident, for instance, when the particle size reaches that of
the excitation wavelength of magnons, the domain wall width,
or the spin—spin correlation length. Given the significantly
altered morphology and particle size upon exfoliation, it is
therefore reasonable to expect that nanowires of CrSbSe;
should show different magnetic properties from the bulk.
Directly probing the magnetic properties of a single
nanowire by magnetic force microscopy or magnetic—optical
methods such as Kerr microscopy is challenging due to the low
magnetic ordering temperature of CrSbSe; and the extreme
thinness of the exfoliated nanowires that is well below the
optical diffraction limit. An alternative method, demonstrated
previously for exfoliated 2D hematite crystals, involves
collecting the exfoliated particles and interpreting their
collective magnetic properties.”® Here, we filtered the final
supernatant after the liquid cascade centrifugation and
collected about 1 mg of exfoliated CrSbSe; nanowires. The
shape of the magnetization curve for these nanowires (Figure
4a) suggests that the long-range ferromagnetic ordering
present in bulk CrSbSe; persists upon exfoliation. However,
the hysteresis loop demonstrates that the coercivity is
significantly enhanced by as much as 1 order of magnitude,
from H. = 0.14 kOe in the bulk to H. = 1.5 kOe in the
exfoliated nanowires, and that the remanence increases from
0.2 pp/Cr in the bulk to 0.5 p3/Cr in the exfoliated nanowires.
Notably, these results suggest that upon exfoliation into
ultrathin nanowires, CrSbSe; transitions from a soft to a hard
ferromagnet. Similar transitions have been observed for other
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low-dimensional magnetic systems and are often assigned to
increasing anisotropy.”’~** In bulk CrSbSe;, although the spins
prefer to align along the a axis, the magnetocrystalline
anisotropy is relatively weak, as manifested by the low
coercivity and low remanence. However, exfoliation into
nanowires greatly changes the aspect ratio whereby the wire
dimension along the crystallographic b direction is much
longer than along a and ¢, giving rise to strong shape
anisotropy. Consequently, the anisotropy energy increases,
which imposes a greater barrier to spin flipping and induces a
greater hysteresis.

Further understanding of the evolution of magnetic
properties upon exfoliation came from analyzing the temper-
ature-dependent magnetic susceptibility from 2 to 300 K under
an external field of 1 kOe. The zero-field-cooled (ZFC) and
field-cooled (FC) magnetization curves bifurcate at low
temperatures, consistent with the expected behavior of hard
magnets (Figure 4b).*> The susceptibility data above 140 K
can be fitted to the Curie—Weiss law to give a Curie constant
of 3.9 p/Cr and Oy of approximately 95 K. This Oy is 38 K
lower than the value for the bulk crystal (Figure 4c, Table S7)
and can be ascribed to finite-size effects: in bulk CrSbSe;,
which is a 3D ferromagnet, the spin—spin correlation length &
is expected to increase with temperature and diverge at the
ordering temperature.*® Upon exfoliation, where the dimen-
sions along the crystallographic a and ¢ directions become
significantly smaller, the growth of the correlation length with
temperature is constrained by the wire diameter d, resulting in
a reduced 6. Although similar finite-size effects have been
established both experimentally and theoretically in 2D thin
films as well as zero-dimensional nanoparticles,””*”~"° they are
much less investigated in 1D or quasi-1D nanowires, with
several theoretical and experimental reports nevertheless
showing strong size dependence of Oy

B CONCLUSIONS

The foregoing results demonstrate that solution exfoliation is
an efficient technique for accessing ultrathin ferromagnetic
nanowires with high aspect ratio from bulk crystals of 1D vdW-
connected lattices. As proof-of-principle, we showed that
CrSbSes, a bulk ferromagnet made from vdW-connected 1D
chains, serves as a good precursor for obtaining air-stable, free-
standing nanowires that show increased coercivity and
remanence compared to the bulk. These results provide a
blueprint for additional studies with other bulk 1D vdW
crystals. They further motivate studies aimed at understanding
how magnetic interactions in bulk crystals evolve upon
nanostructuring.
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