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ABSTRACT: Driven by numerous discoveries of novel phy|
properties and integration into functional devices, interest i
dimensional (1D) magnetic nanostructures has grown trenge "

dously. Traditionally, such structures are accessed with bot ; i P in 1D vdW
techniques, but these require increasing sophistication to \ 3

precise control over crystallinity, branching, aspect ratio ; -

surface termination, especially when approaching the sub

"‘: . Magnets
eter regime in magnetic phases. Here, we show that mec ’

exfoliation of bulk quasi-one-dimensional crystals, a method Wo ” :
5, r's

Exfoliation-Induced Finite Size
Effects

to those popularized for two-dimensional van der Waals (
lattices, serves as ancient top-down method to produce
ultrathin freestanding nanowires that are both magnetic and
semiconducting. We use Cr3bSea representative quasi-1D vdW
crystal with strong magnetocrystalline anisotropy and show that it can be exfoliated into nanowires with an average cross-sectiol
10+ 2.8 nm. The CrShgeanowires display reduced CWfieiss temperature but higher coercivity and remanence than the bulk
phase. The methodology developed here for Gr&b8presentative for a vast class of 1D vdW lattices, serves as a blueprint for
investigating conement eects for 1D materials and accessing functional nanowires thatwte¢adproduce via traditional
bottom-up methods.

INTRODUCTION interchain interactions.hiE approach has shown great
kRg&mise 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 devi¢és*’ 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
Powires remains largely unexplored.

ere, we describe a top-down approach to fabricating

Nanoscale low-dimensional magnetic devices have ena
studies of a vast range of exotic physical pheriofreerth as
spin-Peierls transitions in spin chaind superconductivity in
spin-ladder systemand have given rise to technologies
spanning magnetic refrigeratiénimplantable bioelec-
tronics’® and data storage devites? Many of these
technologies bertefrom the use of one-dimensional (1D)
magnetic nanostructures, which have smaller footprints, gre&

sensitivity toward external stimuli, and enhanced coercivi&é : ; ; :
o . miconducting magneticnowires from bulk crystals
enabled by their inherent shape anisotrofiye advantages comprising 1D inorganic magnetic chains held together

ggg{)eg_eud gyn?ﬁent?g’vr'gﬁegagﬁcfg;ganL(;Tzr?gssoalgggg?eﬁ %l%dominantly by vdW interactions. Contrasting with related
growtht® 98 )(/electrodepositi,dr? 21 and Ii?hographic meth-p &thods pioneered for instance Xgith the solution stabilization
2223y hich can yield freesté\nding magnetic nanowires wi I LizMosSe highly polar solverits, “this method is distinct
ecause it does not require cation solvation and produces free-

ods;
well-dened diameters, lengths, compositions, and pha apding nanowires that do not require solution or surface

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 leéggceéived: September 10, 2021
to surface passivation and the formation of défétts. Published:November 9, 2021
Alternatively, one can employ top-down approaches to isolate

wires from bulk cgstals, as demonstrated wiggIyE *°

SnIP¥* and \4Se,°>*° which comprise strong covalently

bonded molecular chains connected by van der Waals (vdW)
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Figure 1.Structure and characterization of Cri&eX-ray crystal structure of CrStBe98 K, with the unit cell outlined in black (left) and

the double-rutile chains extending alonly &xés labeled with three relevant ofS&bdistances (right). Green, gray, and yellow spheres represent
Cr, Sh, and Se, respectively. (b) A single crystax-gfown CrSbh$egc) SEM micrograph of an as-synthesized GrSb§ke crystal after
mechanical cleavage. (d) SEM micrograph with the corresponding EDS elemental mags of CrSbhSe
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Figure 2.Magnetic structure of the CrSplagice. (a) Comparison of the neutrorraétion proles at 10 K (ferromagnetic state) and 300 K
(paramagnetic state) in the absence of an external magjdefir) Final observed (red dotsfted (black curve), and dirence (blue curve)
powder neutron diactograms of bulk CrShS®everal zone axes of interest are labeled with their respective Miller indicesd (c)algaetic
structure of CrSbgderived from the powder neutronrdction prole projected along the [010] (top) and [001] (bottom) axes.

stabilization. In fact, the methodology reported here is most 2.8 nm thick nanowires. Importantly, the exfoliated GrSbSe
closely related to the mechanical exfoliation of 2D vdW phasaanowires are resistant to oxidation under ambient conditions.
popularized with graphene and transition metal dichalcogexfoliation of the bulk crystals into long and thin nanowires
nides. Indeed, although exfoliation is obviously widely usétgnicantly decreases the Culleiss temperature )
with bulk 2D vdW lattices, including for producing free-and simultaneously increases their coercivity and remanence.
standing ultrathin magnetic sh&®t¥, it has rarely, if ever, Exfoliation thus produces a harder ferromagnetic phase than
been used on bulk 1D vdW magnetic lattices, whose magndlidk CrSbSe as has also been seen upon nanostructuring
behavior upon dimensional reduction to the nanowire reginfgaditional ferromagnets such as Ni anDF%°° These
likewise remains poorly understood. ndings demonstrate that well-established exfoliation methods
To highlight the potential utility of 1D vdW exfoliation in ¢@n be adapted to new classes of functional vdW lattices,
the production of magnetic nanowires, we chose §aShSe particularly for the creation of 1D magnetic nanostructures.
representative example. Although there are numerous bulk
phases that can be described as 1D vdW crystals, exceedinghRESULTS AND DISCUSSION

few show magnetic orderifig:* Featuring weakly associated as reported previously, CrSh8gystallizes in the ortho-
double-rutile chains of covalently bonded atoms, bulk £rSb§ombicPnmaspace group and features double-rutile chains of
exhibits robust ferromagnetic ordering below’74*Khe Sb covalently bonded atoms extending along thés Figure

atoms are critical: their lone pairs provide steric repulsion thag) °3°* The Sh atoms occupying the edge of the double-rutile
separate individual CrSp$kains and open vdW gaps. We chains bind three Se atoms in trigonal pyramidal geometry.
used time-ofight (TOF) powder neutron diaction to Owing to the close electronegativity values of Sb and Se, the
establish the ferromagnetic ground state and the appardahe pair on Sb provides steric repulsion and forms a vdW gap
magnetocrystalline anisotropy of CrsohBé show that as-  with Se orbitals on neighboring chains. Indeed, the nearest
synthesized CrSh®ystals can be readily exfoliated into 10neighbor distance between a Sb atom on one chain and a Se
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Figure 3.Morphology and stability of solution-exfoliated CgSta®ewires. (a) CrShSéispersions ilPrOH/H,0 solvent mixtures with
increasingPrOH volume ratios (%04 Viow) @nd decreasing polarity from left to right, denotes the total volumeiBfOH and HO. (b)
Representative SEM micrograph of the drop-casted Qr&iares on 300 nm SiSi. (c) Cross-section distributions of Crgim8aowires
determined by AFM imaging. (d) AFM image of a single Gr&bfdevire with the corresponding line ler¢top) and 3D topographical view

(bottom). (e) Micro-Raman spectra of the bulk and exfoliated €r¥h&esymmetries of the phonon modes corresponding to directions
perpendicular (Jand parallel (8 to the crystal long axis are labeled in blue and purple, respectively. (f) XPS spectra of the Cr 2p and the Sh 3d
of both bulk crystals and exfoliated nanowires of Gr8b&e Sb 3d spectrum, the peak marked by an asterisk corresponds to the O 1s
contribution from the exfoliation solvent.

atom on an adjacent chain, 3.2494(9) A, is much longer thanagnetocrystalline anisotropy and the magnetic easy axis,

the Sb Se bond distances within a chain: 2.6473(8) A angreviously suggested solely on the basis of magnetic

2.6679(11) A Figure &, Table S}t Bulk CrSbSgs grown susceptibility measurements of oriented cRis&itwilarly,

either by typical solid state melt synthesis, which yieldhe neutron-draction-derived magnetic moment of 3.06(7)

polycrystalline powders, or lm growth, which yields needle- /Cr is consistent with the ground spin stat8 =f3/2 for

like millimeter-sized single crystals viaitbus morphology, a  Cr(lll), determined from magnetization data.

macroscopic indication of the quasi-1D vdW nature of the With evidence in hand that CrSp@esents as a quasi-1D

crystals figure b,c; seesection | in Supporting Information vdW crystal that shows both magnetic ordering anataigni

for synthesis details). Elemental mapping by energy-dispersivésotropy, we sought to investigate changes to these

X-ray spectroscopy (EDS) comed the homogeneous properties upon isolating nanowires from the bulk. To do so,

distribution of Cr, Sh, and Se throughout the crysiglsr¢ we employed a solution technique pervasive in 2D vdwW

1d). materials that involves systematic tuning of polarity and
We used TOF powder neutronrdition to determine the dispersity of solvent mixtures to optimize exfolfatiGhTo

magnetic structure and correlate structural parameters tinis end, the isopropandP{OH) water mixture covers a

CrSbSgwith its established bulk ferromagnetic behavior. Itvide range of both dispersive and polar parameters and was

had been shown that the ferromagnetic transition temperatuatso used hefé’* For CrSbSg we found that a volumetric

(To) of bulk CrSbhSeis at approximately 71 K. As such, we 30:70iPrOH/water mixture yields the highest concentration of

re ned neutron drraction data above and beldw. dispersed CrShSsanowiresKigure &, Table Sh Although

Signicantly, data collected at 10 K displayed increaseelxfoliation of bulk CrSh3mwder in 100%°rOH also gives a

intensity for several Bragg peaks at the high TOF (>100 0@®mewhat even more concentrated dispersion, it leads to
s) or d-spacing regiori-jgure 2). Indexing and raement isotropic nanopatrticles of CrSp$ather than nanowires

of this data revealed that the magnetic unit cell has the saiffégure S§ Subjecting the suspended Cr$b&rowires to

parameters as the crystallographic unit=égllré b, Tables liquid cascade centrifugation (seetion | in Supporting

S2 and 93 Rietveld renement of the neutron daction Informationfor exfoliation details) yields abundant nanowires

patterns revealed ferromagnetic order with spin momemdth lengths exceeding th (Figures B andS1). Measure-

aligned along treeaxis Figure ). Because magnetic neutron ment of 70 individual randomly oriented nanowires using

scattering is sensitive only to the magnetic momerdatomic force microscopy (AFM) gave an average cross-section

components that are perpendicular to the scattering vectaf, 10+ 2.8 nm Figures 8 andS2. Thus, the exfoliation

the absence of the magnetic (100) peak indicates perfexntrifugation method is particularlycient at producing

alignment of the ferromagnetically ordered moments along théirathin and long wires with a narrow cross-sectional

a axis, without spin canting. These data roonthe 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 @ bottom). Furthermore, nanowires produced by our
method are smooth, with surface roughnes2»hm over 1
m, further highlighting the absence of morphological
distortions, discontinuities, or cracks along the nanowire
surface Figure SB 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) conrmed the phase identity, crystallinity, and surface
stability of the exfoliated CrSh&anowires. Because phonon
modes are directly correlated to the structural identity and
inherent crystallinity of a material, we probed the evolution of
these modes in CrSh3mon its exfoliation from bulk into
nanowires. As shown ffigure 8 (see alssection 4 in
Supporting Informatipnall Raman modes present in bulk Figure 4.Magnetic properties of bulk polycrystalline powder and
CrSbSegare also found in exfoliated nanowires, including thexfoliated nanowires of CrSp%s) Comparison of thel H data
most prominent bands at 212.8 and 174.4 evhose narrow  for bulk and exfoliated nanowires of CrsitSeK. (b) Temperature
full-width-at-half-maximum values of 10.0 and 6.3 cm dependent eld-cooled (FC) and zereld-cooled (ZFC) molar
respectively, remain nearly unchanged and indicate a higagnetic susceptibility curves of bulk and exfoliated QuSd&e
degree of crystallinity. We attribute lower energy shifts Gf! @ppliedeld of 1 kOe. (c) CurieWeiss ts of the temperature-
approximately 2 chto phonon comement eects as the dependent inverse susceptibilities for bulk and exfoliated; CrShSe
lattice is reduced from bulk to nanowife$PS of CrShge

single crystals and exfoliated nanowires, shdviguie § energy. Among these, the variation of the anisotropy term with
revealed two energy bands for Cr, at 575.2 e))(dpd particle shape has been experimentally and theoretically
584.6 eV (2,), which agree well with the reported binding investigated extensiv8l{*’’ and has been found to
energy of Cr 2p in similar coordination environméffise  signi cantly inuence fundamental magnetic properties includ-
broad nonsymmetric peak shape of the Cr 2p peaks can #pg the coercivity, remanence, saturation magnetization, easy
attributed to multiplet splitting, which is common for Cr(lll) axis, and magnetic reversal pr6tess. Naturally, particle
compounds (seéigure S6for detailed peaktting).” size also @cts physical properties, especially when reaching
Similarly, the Sb 3d spectra of bulk crystals and exfoliatége nanometer regirfieln magnetism, thesaite-size eects
nanowires both show two bands at 529.3 e))8dd 538.8  are evident, for instance, when the particle size reaches that of
eV (3dy,), in good agreement with literature values for Sb (seghe excitation wavelength of magnons, the domain wall width,
Figure STor detailed peaktting).”” Notably, there are no  or the spinspin correlation length. Given the siganitly
signs of oxidation upon exfoliation, as evidenced by thgtered morphology and particle size upon exfoliation, it is
absence of higher binding energy peaks in both the Cr 2p atitkrefore reasonable to expect that nanowires of £rSbhSe
the Sb 3d regions (see Se 3d regidfigare SB should show derent magnetic properties from the bulk.
Exfoliating bulk crystals into nanowires allows systematicDirectly probing the magnetic properties of a single
studies for understanding the evolution of magnetic propertiganowire by magnetic force microscopy or magnetiical
of CrSbSgupon nanosizing. West conrmed the magnetic  methods such as Kerr microscopy is challenging due to the low
properties of bulk CrSkSkey susceptibility measurements magnetic ordering temperature of CrShBé the extreme
from 2 to 300 K under an appliegld of 1 kOe. A lineat of thinness of the exfoliated nanowires that is well below the
these data in the high temperature region givesetive optical diraction limit. An alternative method, demonstrated
moment of 4.2 g/Cr, in agreement with the spin-only value previously for exfoliated 2D hematite crystals, involves
expected for Cr(lll) (3.9p). Fitting these data to the Curie  collecting the exfoliated peles and interpreting their
Weiss law givesey 133 K, indicating ferromagnetic collective magnetic propertiésdere, we ltered the nal
coupling between the icenters, witiT¢ of around 70 K supernatant after the liquid cascade centrifugation and
(see tting details inTable SY. The eld-dependent collected about 1 mg of exfoliated CrghSeowires. The
magnetization curve at 2 K collectededds up to 80 kOe  shape of the magnetization curve for these nandviires (
saturates at 3/Cr, further conrming both the phase purity 4a) suggests that the long-range ferromagnetic ordering
and ferromagnetic ordering of theé*QGpins in the bulk  present in bulk CrShSgersists upon exfoliation. However,
CrSbSglattice Figure 4). Close inspection of the magnetic the hysteresis loop demonstrates that the coercivity is
hysteresis loop indicates that both the coertivitand the signi cantly enhanced by as much as 1 order of magnitude,
remanence are very loi.(= 140 Oe), in agreement with from H, = 0.14 kOe in the bulk tbl. = 1.5 kOe in the
previous regorts classifying bulk Cr$h@e a soft exfoliated nanowires, and that the remanence increases from
ferromagnét:® 0.2 g/Crin the bulk to 0.5 g/Cr in the exfoliated nanowires.
Generally, the magnetization behavior of nanostructuréotably, these results suggest that upon exfoliation into
tends to minimize the total free energy in terms of exchangdtrathin nanowires, CrSh$&ansitions from a soft to a hard
energy, Zeeman energy, magnetoelastic energy, and anisotfeppmagnet. Similar transitions have been observed for other
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low-dimensional magnetic systems and are often assigneditshors

increasing anisotroffy®* In bulk CrSbSealthough the spins Yi Qu Department of Chemistry, Massachusetts Institute of

prefer to align along tha axis, the magnetocrystalline Technology, Cambridge, Massachusetts 02139, United States

anisotropy is relatively weak, as manifested by the lowMaxx Q. Arguilla Department of Chemistry, Massachusetts

coercivity and low remanence. However, exfoliation into Institute of Technology, Cambridge, Massachusetts 02139,

nanowires greatly changes the aspect ratio whereby the wire United States

dimension along the crystallograghidirection is much Qiang Zhang Neutron Scattering Division, Oak Ridge

longer than along and ¢ giving rise to strong shape National Laboratory, Oak Ridge, Tennessee 37831, United

anisotropy. Consequently, the anisotropy energy increases, States

which imposes a greater barrier to spiping and induces a Xin He Department of Chemistry, Massachusetts Institute of

greater hysteresis. Technology, Cambridge, Massachusetts 02139, United
Further understanding of the evolution of magnetic  Statesj» orcid.org/0000-0001-8461-8868

properties upon exfoliation came from analyzing the tempe(f'omplete contact information is available at:

ature-dependent magnetic susceptibility from 2 to 300 K und . ;
an externaleld of 1 kOe. The zer@ld-cooled (ZFC) and ﬁftps./lpubs.acs.org/lo.1021/Jacs.1c09607

eld-cooled (FC) magnetization curves blfurcate_ at |OVA thor Contributions
temperatures, consistent with the expected behavior of h .
magnets Rigure 4)°° The susceptibility data above 140 K ' -Q: and M.Q.A. contributed equally.
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