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Abstract 

One-dimensional (1D) or quasi-1D van der Waals (vdW) magnets, which feature covalently 
bonded spin chains or ladders separated by weak vdW interactions, could potentially offer twofold 
benefits for the current field of 1D magnets. On the one hand, the bulk crystals of these phases are 
more ideal 1D magnets because large vdW gaps effectively prevent any inter-chain or inter-ladder 
exchange couplings. This allows for the study of unique 1D magnetic fluctuations coupled with 
1D characteristic transport behaviors. On the other hand, the vdW gaps open up possibilities to 
exfoliate these 1D vdW magnets for magnetic nanowire production. These nanowires would then 
be used to investigate 1D confinement effects and for densely packed spintronics. In this thesis, 
efforts to synthesize new quasi-1D vdW magnets, control their bulk magnetism, and efficiently 
exfoliate them into high-quality nanowires are detailed. Chapter 1 reviews the definitions and 
fundamental physics of 1D magnets, discusses limitations with the current routes to access 1D 
magnets, and introduces lessons from the breakthroughs in two-dimensional (2D) magnets, which 
serve as the starting point of this thesis work. Chapter 2 demonstrates the first exfoliation strategy 
developed for quasi-1D vdW magnet CrSbSe3 and presents the properties of the resulting 
nanowires. The exfoliated CrSbSe3 nanowires have high aspect ratio, well-defined crystallinity, 
smooth surfaces, and high stability, and exhibit stronger coercivity compared to bulk CrSbSe3 due 
to the stronger shape anisotropy therein. Chapters 3 and 4 are concerned with expanding the library 
of quasi-1D vdW magnets and efficiently controlling their bulk magnetic properties. Chapter 3 
demonstrates the substitution of Se in CrSbSe3 with S switches the overall magnetic ordering from 
ferromagnetic (FM) to antiferromagnetic (AFM) and discusses the metamagnetic transition and 
strong spin-phonon coupling in the resulting AFM spin-ladder phase CrSbS3. Chapter 4 
demonstrates that Bi alloying into the Sb sites in CrSbSe3 and CrSbS3 is an efficient strategy to 
enhance the magnetic anisotropy without altering the original 1D structural features or magnetic 
ground state. This offers an independent dimension to finely tune the magnetic behaviors of these 
quasi-1D vdW magnets. 
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Chapter 1 

Introduction to One-Dimensional Magnetic Solids 

1.1 Abstract 

Low-dimensional magnetic systems, especially one-dimensional (1D) magnetic solids, 

have long caught the research attention due to their unconventional physical properties and their 

potential for nanoscale technological applications. This first part of this chapter reviews the 

definitions and promises of low dimensional magnets and summarizes some fundamental solid-

state physics crucial to understanding the behaviors of low dimensional magnets. The second part 

of this chapter reviews the current approaches to accessing 1D magnetic solids, discusses the 

limitations and sophistications of these approaches, and demonstrates how the recent 

breakthroughs enabled by two-dimensional (2D) van der Waals (vdW) magnets offer valuable 

lessons to address the limitations of current 1D magnetic systems. Our efforts following these 

lessons to develop 1D vdW magnetic materials will be further discussed in Chapters 2, 3, and 4.   

1.2 Significance and Definitions of Low-Dimensional 

Magnets  

Magnetism, together with superfluidity, charge-density waves, and superconductivity, is 

among the most crucial quantum cooperative phenomena observed in condensed matter at low 

temperatures. It has attracted vast research interest due to its theoretical complexity and 

technological significance.1-3 From the theoretical point of view, constant progress has been made 

to theoretically describe the behaviors of the magnetic behaviors and their interactions with the 

other properties of magnets, such as electronic, optical, and thermal properties. For example, the 

theories of exchange interactions (e.g., direct exchange, superexchange, double exchange) have 
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been developed to explain the phenomenon of long-range magnetic ordering.4-5 The theories of 

spin-orbit coupling have been proposed to describe magnetoelastic and magneto-optical effects. In 

terms of technical applications, numerous technological achievements based on magnets have 

significantly changed people’s lives. Permanent magnets are widely used in wind power 

generators, electronic devices, and small motors.6-8 The giant magnetoresistance effect in magnetic 

multilayers has enabled the design of hard disk drives and revolutionized the data storage industry. 

Magnetic materials are also crucial for the emerging field of spintronics, which allows for high-

speed data processing and high circuit integration density and is envisioned to be the core of the 

next-generation information technology. 9-10 

Among the fundamental studies of magnetism, one most interesting and rapidly developing 

area is the investigation of magnetic systems with reduced dimensionalities, namely, zero-

dimensional (0D), one-dimensional (1D), or two-dimensional (2D). In low-dimensional magnets, 

the quantum essence of matter manifests itself most clearly, and both the quantum fluctuations and 

frustrations become more significant. Therefore, their magnetic properties depend on the subtle 

balance between several factors, including the spin fluctuations, magnetic correlations, the charge 

ordering, and the spin-lattice or electron-lattice couplings. By tuning their relative strengths, it 

becomes possible to observe various quantum cooperative effects. For example, exotic ground 

states can be realized, such as nonmagnetic singlet,11 spin-liquid,12 Luttinger-liquid,13 and 

superconducting ground states.14 Novel dynamic behaviors can be observed, such as cascades of 

spin-reorientations, magnetization plateau, and instabilities of the spin subsystem induced by 

external magnetic field.15 

For magnetic systems, the reduction of dimensionality can be structural, as in the case of 

magnetic nanoclusters (0D), magnetic nanowires (1D), and magnetic thin films (2D), which may 

offer superior performances over traditional materials. Their unique properties are mainly due to 

the size effects, leading to confinement effects or great sensitivity to external stimuli, and the 

surface effects, promoted through the significantly larger number of surface atoms compared to 

volume atoms. For example, giant magnetic anisotropy has been observed in ultra-thin films or 

ultra-thin nanowires due to the broken symmetry at surfaces/interfaces.16 Nanoscale size 

confinement and high aspect ratio morphological confinement within nanowires have led to the 

observation of unconventional domain wall structures and motions, which have already been used 

for novel data storage devices, such as racetrack memory. 10, 17-18 
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The reduction of dimensionality can also be magnetic, which may occur in otherwise 

structurally 3D compounds due to the directional nature of the chemical bonding. Within this 

definition, magnetic systems of low dimensionality arise when the anisotropic structural 

connections or electronic interactions translate into anisotropic magnetic couplings, thereby 

reducing the effective dimensionality of the magnetic subsystem.   Therefore, a 1D magnet is a 

magnetic system where the spin interactions are strong only along a well-defined direction of the 

space, thus defining quasi-isolated chains of spins. When the spin interactions are strong along two 

directions of the space and weak along the third one, the spin system can be viewed as a stacking 

of quasi-isolated magnetic layers and a 2D magnet. The “intermediate” state, i.e., quasi-1D 

magnet, is a system where each 1D spatial unit consists of a few coupled chains or a zigzag chain. 

Therefore, each spin not only interacts with two nearest neighbors but also with the next nearest 

neighbors within each 1D magnetic motif. This definition of low-dimensional magnets is 

frequently used in the theoretical and experimental studies of highly directional spin-spin 

interactions and the resulting quantum phenomena at the bulk level rather than at the nanoscale. 

Over the past decades, several strategies have been developed to synthesize low-dimensional 

magnetic phases that approximately fit this definition and these synthetic routes will be discussed 

in Section 1.4.2.  

In this chapter, we focus on magnets with reduced dimensionality both in terms of 

structure/morphology (e.g., nanowires and thin films) and in terms of magnetic interactions such 

as 3D lattices with cation-separated spin ladders. Section 1.3 reviews the fundamental physics of 

magnetic ordering and magnetic anisotropy in low-dimensional magnets, which are crucial factors 

to understand low-dimensional magnetism. Section 1.4 surveys the current synthetic routes to 

fabricate low-dimensional magnets with a particular emphasis on 1D and quasi-1D magnets and 

discusses the limitations of these routes. Section 1.5 introduces the recent ground-breaking 

developments in the field of 2D magnets and potential strategies taught by the 2D magnets to 

access 1D magnets with unprecedented structural advantages. With these lessons in mind, Section 

1.6 and 1.7 further analyzes the feasibility of extending the fabrication strategies developed for 2D 

magnets to 1D systems, which serve as the starting point and foundation of this thesis work. 
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1.3. Fundamental Physics of Low-Dimensional Magnets 

1.3.1 Magnetic Ordering of Low-Dimensional Magnets 

One crucial topic of solid-state magnetism is the appearance of spontaneous magnetic order 

at low temperatures. Many traditional terms being used for hundreds of years, such as ferromagnets 

and antiferromagnets, are all used to describe ordered phases. According to the general theory of 

phase transitions, a spin system at a given temperature T is characterized by an order parameter 

which is generally defined as the value of magnetization M. The magnetic system exhibits a phase 

transition towards long-range ordering if the magnetization becomes non-zero below a certain 

characteristic temperature TC, which is called the critical temperature.  

It is now widely acknowledged that the existence of a magnetic phase transition or long-range 

magnetic ordering at finite temperature depends crucially on both the space dimension (D) and 

spin dimension (n). Following the commonly used terminology, n = 1, 2, and 3 correspond to the 

so-called “Ising”, “XY” and “Heisenberg” models, respectively.19-20 According to the Mermin-

Wagner theorem, in space dimension D = 2, a true phase transition exists only for the Ising systems, 

where strong anisotropy forces the spins to lie parallelly or antiparallelly along only one axis 

without any canting. In Ising systems, the intermediate states when flipping a spin to the opposite 

direction, which necessarily involves deviations from the preferred axis, are strongly unfavored, 

and an energy barrier exists for any disturbance of the uni-axial spin alignment, allowing for long-

range ordering at finite temperatures.21-22 However, in the space dimension D = 1, the strength of 

spin fluctuations increases so much that no spontaneous magnetization can appear down to T = 0 

K, and there is no energy barrier for magnetic excitations, even in the Ising system. This is because 

long-range order in a chain of spins coupled with an exchange interaction J is destroyed by the flip 

of just a single spin. When a spin is flipped, the magnetic energy increases by 2J, while the entropy 

increases by kTlnN. The change of the free energy upon the flip of a spin is defined as 

∆𝐹 = 2𝐽 − 𝑘𝑇𝑙𝑛𝑁                                                 (1.1) 

and can be made negative at any arbitrarily non-zero temperature if the number of spins N in the 

chain is large enough.19, 23 
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As the intermediate between chain (1D) and plane (2D), spin ladders are magnetic systems 

where two spin chains are put next to each other either with “overlap” (Figure 1.1a) or “zigzag” 

alignment (Figure 1.1b).24 Compared to purely 1D spin chain systems, such quasi-1D magnetic 

subsystems have more neighboring interactions around each spin and weaker fluctuations, and 

therefore, an energy gap in the spin excitation spectrum can be achieved under certain conditions, 

and a magnetic ground state with long-range ordering can be accessed at finite temperature.25-27 

The ordering behavior of quasi-1D magnets is further diversified by the competing exchange 

interactions between spins along the leg direction and the rug direction, the anisotropy of each spin, 

and the anisotropy of each exchange coupling. Consequently, in addition to typical long-range 

ordering, these quasi-1D magnets can also exhibit many unconventional ordering behaviors, such 

as a spiral spin structure or a spin-liquid state. 

  

1.3.2 Magnetic Anisotropy of Low-Dimensional Magnets 

Magnetic anisotropy is the preference for the magnetization to lie in a particular axis in a 

sample and this axis is called magnetic easy axis. Accordingly, those directions that require more 

energy to align the magnetization are called magnetic hard axes. Magnetic anisotropy can originate 

from sample shape, crystal symmetry, stress, or directed atomic pair ordering and therefore may 

include magnetocrystalline anisotropy, shape anisotropy, and surface anisotropy. For low-

dimensional magnets, magnetic anisotropy plays a central and sometimes even deterministic role 

in their ordering behaviors and magnetic properties. On the one hand, for 3D lattices with 1D or 

2D magnetic motifs, magnetic anisotropy is an essential prerequisite for stabilizing any long-range 

magnetic ordering, as inferred from the Mermin-Wagner theorem discussed in 1.3.1. On the other 

hand, for morphologically 1D or 2D magnetic materials, such as magnetic nanowires or thin films, 

Figure 1.1. a) The standard spin-ladder. b) The “zigzag” spin-ladder 
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shape anisotropy and surface anisotropy can significantly control their magnetic performances, 

including the coercivity, magnetization values, and magnetoresistance. Therefore, before 

examining the known examples of low-dimensional magnets and strategies to tune their magnetic 

properties, we want to briefly discuss different types of magnetic anisotropy and how they may be 

rationally controlled by adjusting the material composition, shape, and surface states.  

1.3.2.1 Magnetocrystalline Anisotropy 

In crystalline magnetic materials, magnetocrystalline anisotropy is an intrinsic property 

determined by atomic stacking structures. The origin of magnetocrystalline lies in the coupling of 

the spin moments to the shape and orientation of electronic orbitals via spin-orbit coupling, which 

is further coupled to the chemical bonding of the orbitals on a given atom within their local 

environment via crystal field interactions. If the local crystal field felt by an atom is of low 

symmetry and if the bonding electrons of that atom have an asymmetric charge distribution (LZ ≠ 

0), then the atomic orbitals interact anisotropically with the crystal field. Such preferred 

orientations of molecular orbitals or electron distributions then lead to certain preferred 

orientations of the spin moments along particular crystallographic directions. As a result, it is 

essential for magnetocrystalline anisotropy that there be a significant directional character to the 

bonding and strong spin-orbit coupling.28 

1.3.2.2 Shape Anisotropy 

For non-spherical magnets, the magnetic dipolar interactions along different sample axes 

generate different magnetostatic energies. The magnetic dipoles tend to lie in a certain direction to 

minimize the magnetostatic energy, which is the origin of magnetic shape anisotropy. This is 

intrinsically because the two poles located at two ends of a magnet (north and south) not only 

provide an external stray field but also generate a “demagnetizing field” (Hd) inside the magnet, 

and 

𝐇! = −N𝐌                                                       (1.2) 
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where N is the demagnetizing tensor and is the sum of demagnetizing factors Na, Nb, Nc along the 

a, b, c axes, respectively, with Na + Nb + Nc = 1.29  

To better illustrate the concept of demagnetizing field and shape anisotropy in 1D magnets, 

we can think of a nanowire being built from small magnetic cubes. If the magnetic dipoles 

(symbolized by + and –) are presented along the long side of the wire (Figure 1.2a), the large 

surface creates a strong stray field, and strong repulsive forces exist when bringing these cubes 

together. Instead, suppose the magnetization lies along the wire axis (Figure 1.2b). In this case, it 

is energetically favorable for all cubes to attract each other and assemble into long wires, and the 

magnetic dipoles at both ends only create a small stray field. As a result, the shape of nanowires 

strongly favors an alignment of magnetization along the wire direction, and this shape anisotropy 

energy increases as the aspect ratio of the nanowires increases. Switching the magnetization 

direction in nanowires requires at least a partial or temporary formation of the unfavorable 

configuration shown in Figure 1.2a, so an energy barrier (i.e., a certain magnetic field) is required 

to change the magnetization of nanowires. Consequently, a hysteresis loop with large coercivity 

can be observed within 1D magnetic systems possessing strong shape anisotropy.  

1.3.2.3 Surface Anisotropy 

Magnetic surface anisotropy arises because the surface states have lower symmetry, which 

enhances the magnetocrystalline anisotropy at the surface. It is affected by the roughness of 

surfaces and the lattice mismatch at each interface and becomes more dominant as the surface-to-

Figure 1.2. An illustration of the origin of shape anisotropy in nanowires 
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volume ratio increases, which is usually the case for nanoscale materials. For example, for a 

magnetic thin film, the effective anisotropy constant can be viewed as the sum of three terms 

𝐾 = "#!
$
+ 𝐾% − 𝜇&𝑀"                                                     (1.3) 

where the first term represents the surface anisotropy. Ks is the surface anisotropy constant, and t 

is the thickness of the layer. The second term is volume anisotropy due to magnetocrystalline 

anisotropy or lattice strains, and the third term is shape anisotropy determined by the dipolar 

interactions between two magnetic poles. Among these terms, the contribution of surface 

anisotropy is the only one that depends on the film thickness t and may dominate the overall 

magnetic anisotropy as t decreases. Consequently, although the dipolar term favors the in-plane 

orientation of magnetization in thin films, many ultra-thin films exhibit spontaneous magnetization 

perpendicular to the film plane, and this can be particularly useful in recording applications.30-31  

1.4 Synthetic Pathways to Obtain 1D Magnets 

As introduced in 1.2, for magnetic systems, the reduction of dimensionality can be structural 

or magnetic, so in this section, we will use these two definitions to categorize the current 

techniques to achieve the correspondingly defined low-dimensional magnets. We focus primarily 

on 1D magnets, including structurally and morphologically 1D magnets such as magnetic 

nanowires, and 3D magnetic lattices with 1D or quasi-1D magnetic units such as spin-chain 

compounds and spin-ladder compounds. We also point out the limitations and complications of 

each category of synthetic routes and the reasons why a novel fabrication strategy is warranted to 

access 1D magnetic systems. 
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1.4.1 Synthesis of 1D Magnetic Nanostructures 

Experimental techniques to fabricate low-dimensional magnetic nanostructures (e.g., 1D 

nanowires or 2D thin films) can be divided up into two approaches: bottom-up or top-down 

approach. As the name suggests, the former approach starts with tiny building blocks (e.g., atoms, 

molecules) and lets these assemble to form a nanostructure with designed dimensionality 

spontaneously. On the other hand, the latter approach starts with large structures and employs 

shrinking of these via exfoliation until the desired nanostructures remain.  

To the best of our knowledge, the top-down approach has been rarely, if ever, applied to 

fabricate magnetic nanowires, and the state-of-the-art techniques to obtain ultrathin magnetic 

nanowires are focused on bottom-up synthesis. These techniques can be roughly categorized into 

two categories: template-directed synthesis and template-free direct patterning/synthesis (Figure 

1.3). Within each category, there are various methods to synthesize magnetic nanowires with the 

Figure 1.3. A general scheme of various synthetic techniques to fabricate 1D magnetic 

nanostructures 
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target compositions and morphologies, but each category of synthetic techniques also suffers 

complications and limitations.  

Template-based deposition is by far the most commonly employed technique to obtain 

magnetic nanowires, nanotubes, or core-shell nanowires. The essence of this technique is to 

synthesize or deposit the target magnetic materials inside the pores of nanoporous templates, which 

are usually alumina membranes with desired sizes and geometric arrangement of nanochannels. 

Because the synthetic or deposition process is confined within 1D nano-channels of the template 

membranes, it can produce freestanding nanowires or nanoribbons at a large scale with low cost 

after removing the template membrane.  

To fill the template, various strategies have been explored (Figure 1.3). A widely used 

technique is electrodeposition, which involves an electrochemical process by which the metallic 

ions from an electrolyte are reduced to form a solid deposit in the cathode (i.e., the anodic alumina 

template) in the form of nanowires. This technique has been employed to build homogeneous 

magnetic metallic nanowires based on a wide compositional range of transition metals and their 

alloys with diverse diameters and lengths, as well as to fabricate multisegmented nanowires 

modulated in geometry or composition along their length.32 An alternative strategy to fill the 1D 

channels of templates for nanowire production is the sol-gel technique, which is particularly 

suitable for fabricating nanowires of magnetic oxides such as ferrites or multiferroic perovskites. 

The sol-gel growth starts with forming colloidal nanoparticles by mixing atomic or molecular 

prosecutors, which are then interconnected within the pores of templates and solidified to form 

nanowires or nanotubes.33-34 In addition, template-directed autocatalytic deposition, which relies 

on the chemical reduction of metallic ions from solutions, is also a common method to fill the 1D 

channels within the templates with a variety of magnetic materials, including metals, alloys, and 

oxides, for magnetic nanowire productions.35  
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These template-assisted methods have revolutionized the production of magnetic nanowires. 

The accurate control of all parameters during the synthetic processes, such as the type and 

concentration of molecular precursors, temperature, electrodeposition potential, PH, and solvents, 

together with the template, allows for the fabrication of magnetic nanowires with finely tailored 

structural, morphological, and magnetic features, which further enables the implementation of 

these nanowires in technological applications. However, these methods suffer from limitations 

(Figure 1.4). Firstly, it remains challenging and sophisticated to create templates with high-quality 

1D channels that have ultrathin diameters, high aspect ratio, uniform morphologies along the 

channel, and smooth inside surfaces. As a result, the fabricated nanowires based on these templates 

may have low aspect ratio, surface kinking or tampering, cone or dumbbell-shape geometries, 

small branching, and rough surfaces. These structural defects can significantly affect the long-

range ordering, anisotropic behaviors, and potential interfacial interactions of these nanowires. 

Therefore, the as-fabricated nanowires can exhibit significant deviation from the magnetic 1D 

nature and poorly controlled magnetic properties, which hinder their applications in highly precise 

nanodevices. Secondly, due to the restraints imposed by templates during the filling and the 

rapidity of deposition processes, the reactions happening inside the 1D channels are not under 

equilibrium, so the magnetic nanowires so produced sometimes may not be highly crystalline and 

can have local crystal inhomogeneities. The poor crystallinity, polycrystallinity, and poorly 

controlled crystalline orientations along the nanowires can induce local strains and grain 

boundaries, significantly damage the idealness of 1D transport and magnetic properties and 

decrease the mechanical strength of these nanostructures.  

Figure 1.4. A schematic illustration of templated-assisted techniques to produce 

nanowires and an exaggerated view of some limitations of template-directed grown 

nanowires 
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The fabrication difficulties of templates and the non-equilibrium nature of the filling process 

can be circumvented with the template-free direct synthesis strategies. Many methods mentioned 

above to synthesize nanowires within the 1D channels of templates can also be used to fabricate 

magnetic nanowires on template-free substrates or in solutions, such as the sol-gel technique and 

the autocatalytic deposition.  Other commonly used direct fabrication methods of magnetic 

nanowires include epitaxial growth such as chemical vapor deposition (CVD), focused electron-

beam-induced deposition (FEBID), and electron-beam lithography, which are briefly introduced 

below.  

Epitaxial growth typically refers to the growth of nanostructures utilizing the lattice match 

between the material to be grown and the substrate. One commonly used method to epitaxially 

grow various magnetic nanowires is the CVD technique, especially the vapor-liquid-solid (VLS) 

growth. Originally developed to fabricate semiconducting nanowires, the VLS process starts with 

a catalyst (usually Au) forming a eutectic with the growing material, which then initiates the 

growth of the magnetic nanowires. This technique is particularly useful for preparing Si-based 

nanowires containing ferromagnetic metals such as Fe and Co and/or Mn.36 Another valuable 

method to epitaxially fabricate various magnetic nanowires vertically or laterally on substrates is 

the CVT process, during which a gas phase intermediate generated by heating a mixture of solid 

source materials is transported and deposited at the temperature stabilizing the interfacial energy 

of the substrate. Subsequently, the gas intermediate grows into nanowires. The CVT technique has 

been employed to fabricate metal or intermetallic magnetic nanowires, such as Ni nanowires, Co 

nanowires, and nanowires of NiCo, CoFe, and NiFe alloys, together with semiconductor-based 

magnetic nanowires. For example, with FeI2 being heated on one end of the furnace as the Fe 

source and Ge/carbon powder seated on the other end as the Ge source, vertically aligned magnetic 

Fe1.3Ge nanowires can be grown on graphene substrate placed on the Ge/carbon mixture.37  

Electron-beam lithography and focused electron beam induced deposition (FEBID) are 

lithography techniques that allow for direct writing or patterning of 1D nanostructures with 

electron beam, which usually offers better control over the structural features of magnetic 

nanowires compared to conventional epitaxial growth or template-directed electrodeposition. The 

most common electron-beam lithography starts with large structures of the targeted material and 

shrinking these structures via etching, cutting, or removing other parts until the desired 1D 

nanostructures remain. This technique is typically used to prepare pattered nanostrips or nanowires 
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lying on the surface of a substrate but is not suitable for preparing vertical or freestanding magnetic 

nanowires with large aspect ratio, due to the technical difficulty with vertical deep-etching or 

coating. Direct writing assisted by focused electron beam, i.e., FEBID, allows for higher 

preparation flexibility, especially for vertical structures. The typical FEBID technique relies on the 

dissociation of injected gaseous metal-containing precursors absorbed on a substrate to deposit 

metal nanowires, after which further purification is needed to remove the undesirably deposited 

elements. FEBID is more suitable for producing purely metallic nanowires such as Co and Fe 

nanowires or nanowires with core-shell structures such as Co nanowires covered with Pt.36  

However, these direct fabrication methods also have limitations. Firstly, although the direct 

patterning improves control over the crystallinity and crystalline orientation, it remains 

challenging to control the phase purity and morphology of the prepared nanowires. For example, 

the nanowires grown from VLS methods may have the catalyst nanoparticle such as Au attaching 

to one end of them, which may interfere with the fabrication of the spintronic devices based on 

these nanowires and be detrimental to their performance. The nanowires produced by FEBID may 

contain a non-negligible amount of carbon co-deposited with the metals, affecting their magnetic 

behaviors and electronic properties. Secondly, such direct patterning techniques usually require 

highly sophisticated instruments, are extremely time-consuming, and have low throughput. In 

addition, the dangling bonds due to the broken symmetry on the surfaces of these nanostructures 

can lead to strong interactions with substrates and local interfacial strains, which may even induce 

non-intrinsic magnetic orderings or anisotropies within the magnetic nanostructures. As a result, 

it remains challenging to precisely control or even predict the properties and performances of the 

resulting magnetic 1D nanostructures, which significantly hinders their large-scale technological 

applications.  
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1.4.2 Synthesis of 3D Compounds with 1D Magnetic Motifs 

While accessing magnetic solids with 1D morphologies, 1D confinement effects, and 

unidirectional transport behaviors at the nanoscale (e.g., magnetic nanowires) has been a popular 

approach to investigating the effects of low dimensionality on magnetism and developing densely-

packed spintronic devices, there have also been growing efforts to study the 1D magnetism and its 

coupling with other physical properties in structurally 3D crystals, which can provide the sufficient 

intensity and size for experiments investigating thermal properties (e.g., specific heat) and dynamic 

behaviors (particularly quantum excitations) by bulk techniques such as neutron scattering. For 

this purpose, people have sought to synthesize various structurally 3D magnetic materials where 

the magnetic ions are arranged in chains well separated by bulky nonmagnetic groups of atoms. 

Figure 1.5. Crystal structure of KCuF3 with the 1D magnetic Cu–F–Cu chains 

highlighted in yellow. Blue, violet, and green spheres represent Cu, K, and F, 

respectively. The ionic radii of different elements are modified disproportionally for 

clarity and illustration. 
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Under certain approximations, the reasonably short magnetic exchange couplings only exist along 

these 1D chains (see Figure 1.5 for illustration) and consequently, the 3D crystals are defined as 

1D magnets. These 1D magnetic solids have provided a unique possibility to study ground and 

excited states of low-dimensional magnets, possible new phases of maters and new theories of 

magnetism, and the interplay of quantum fluctuation and thermal fluctuation.38-41  

One big class of such materials has the formula of ABX3, with A being a large and 

nonmagnetic monovalent cation, B being a divalent 3d transition metal ion, and X being halide. 

For example, (CH3)4NMnCl3, also known as TMMC, is among the most ideal 1D magnetic crystal 

yet studied, in which the interchain coupling strength is at least three orders of magnitude smaller 

than the intrachain exchange coupling. As a result, it has an extremely low ordering temperature 

(TC = ~0.8 K) and exhibits 1D dynamic behaviors in inelastic neutron scattering.42 Such single-

chain magnets are extremely useful for studying quantum effects, especially those magnets 

featuring Cu2+ ions which realize spin-'
"
  or Ni2+ ions that realize spin 1. For example, KCuF3 

(Figure 1.5) has been among the best realizations of the spin-'
"
  antiferromagnetic Heisenberg 

model,43 and CsNiF3 is particularly important as a ferromagnetic XY-like chain that allows for the 

demonstration of magnetic solitons.44  

Despite their unique values in investigating dynamic behaviors and testing quantum models, 

the single-chain magnetic solid systems mentioned above, as indicated by the Mermin-Wagner 

theorem, usually have very weak long-range ordering, which hinders the studies of the long-range 

physical properties of magnetic systems with 1D nature. As a result, magnetic solids with 1D 

nature together with robust long-range magnetic ordering are warranted. For this purpose, the 

intermediate states between 1D and 2D magnets, namely quasi-1D magnets, featuring two or three 

magnetic chains lying close together (i.e., spin ladders), have been intensively investigated over 
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the past decades and have significantly facilitated the discovery and investigation of novel physical 

behaviors. For example, CuGeO3, a quasi-1D spin-'
"

  antiferromagnet, is the first inorganic 

material showing spin-Peierls distortion.45-46 The class of SrCuO phases featuring a mixture of 

ladders two-leg and multi-leg ladders with competing interactions, such as SrCu2O3 and 

Sr14Cu24O41, 47-50 has been crucial to realizing and understanding superconductivity (Figure 1.6). 

In addition to these efforts, people have been actively developing 1D or quasi-1D molecular 

magnetic systems with bulky organic spacers or metal-organic frameworks (MOFs) with separated 

magnetic chains or ladders locked in the 3D rigid framework.51  

However, these 3D crystals with 1D or quasi-1D magnetic units are not structurally 1D, 

which may raise problems. From the theoretical point of view, potential magnetic exchange 

pathways through nonmagnetic separators are still possible and can break the “ideal” 1D 

magnetism. For technological applications, the strong ionic or covalent interactions between 

magnetic units in these phases complicate their structural miniaturization and potential 

nanocomposite fabrication, hindering their applications as spintronics or sensors at the nanoscale. 

Therefore, we need to develop a new 1D magnetic material system which minimizes the magnetic 

Figure 1.6. The schematic view of the 1D or quasi-1D Cu–O chains in three 

representative phases belonging to the SrCuO class. Potential competing magnetic 

interactions within each spin-chain or spin-ladder are highlighted in yellow and purple. 
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exchange coupling between the 1D magnetic units and allows for straightforward miniaturization 

to produce nanowires. Not only are such materials (bulk and the miniaturized nanowires) better 

candidates in terms of both definitions, but they also allow the study of the true crossover of 

magnetism from 3D to 1D with the same phase, both with bulk techniques and at nanoscale.   

 

1.5 Lessons from 2D van der Waals Magnets to Improve 

Current 1D Magnetic Systems 

To access 1D magnetic solids possessing ideal 1D magnetism in bulk and allowing for 

straightforward miniaturization to prepare high-quality magnetic nanowires, we can draw 

important inspirations and lessons from the development history of 2D magnetic systems. Similar 

to the history of accessing 1D magnetic solids mentioned in 1.4, the investigation of 2D magnetic 

systems has also shown two categories of approaches. The first approach is to grow ultra-thin 

magnetic films, where many finite-size effects emerge, and physical properties unique to 2D 

systems can be observed and studied.52 But despite decades of development, such 2D magnetic 

nanostructures suffer from problems just like the bottom-up synthesized magnetic nanowires. It 

remains sophisticated and challenging to precisely control the thicknesses, morphologies, and 

crystallinities of the resulting nanostructures, which is further complicated by their surface 

dangling bonds and their strong interactions with substrates or environments. The second approach 

is to grow 3D crystals with non-magnetic spacers between 2D magnetic sheets, and this has 

enabled the study of novel physical systems such as the Kagome lattice.53 However, similar to the 

1D spin-chain or quasi-1D spin-ladder systems discussed in 1.4.2, these so-called 2D magnetic 

lattices still exhibit inter-plane magnetic couplings and derivation from ideal 2D magnetic 

behaviors, and the strong ionic or covalent interactions between the 2D magnetic planes prevent 

efficient structural miniaturization necessary for the production of thin-film spintronics.  
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Despite the constant efforts to optimize the growth techniques and the design of magnetic 

crystals, these limitations remained until the revolutionary discovery and the advent of top-down 

exfoliation of 2D layered van der Waals (vdW) crystals. By utilizing “empty spaces” (i.e., vdW 

gaps) to isolate the 2D magnetic layers in 3D crystals, interlayer superexchange coupling pathways 

can be entirely ruled out due to the lack of any interlayer covalent bonds or ionic interactions. 

Direct exchange coupling is also suppressed to a negligible level due to the large interlayer distance 

and the minimal direct orbital overlaps between magnetic ions in adjacent layers. As a result, the 

bulk crystals of such 2D vdW magnets can be viewed as “ideal” 2D systems and provide a clearer 

system to test theoretical models on 2D magnetism.  Even more encouragingly, due to the vdW 

nature of the interlayer interactions, such materials allow for the isolation of nanostructures with 

uniform thickness down to a single atomic layer, with well-defined surfaces and atom-precise 

Figure 1.7. A brief summary of the structural features of the 2D magnetic thin films 

produced by top-down exfoliation of 2D vdW materials and the values of these thin films 

for fundamental study and device application.  
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termination, which further allow for the investigation of nanoscale 2D confinement effects and the 

low-cost fabrication of thin-film spintronic devices. In addition, due to the naturally layered 

structure and high crystallinity of these 2D vdW magnets, the 2D thin films resulted from their 

exfoliation couple weakly to substrate and exhibit very low surface strains. As a result, they can 

also be efficiently integrated into nanoscale heterostructures, which significantly increases their 

values for fundamental studies and technological applications (Figure 1.7).54  

First efforts to realize 2D vdW magnets were carried out in the early 1980s, with the 

synthesis of layered transition-metal thiophosphates MPS3, where M is a first-row transition metal 

such as Mn, Fe, and Ni and forms a 2D honeycomb magnetic sublattice.55 Later, the vdW nature 

of these magnetic phases was further explored by intercalating guest molecules or ions between 

the magnetic layers and using intercalation to alter the magnetic properties of the bulk crystal.56 

The earliest efforts towards the exfoliation of magnetic 2D materials were carried out in 2016 with 

the isolation of monolayer and few-layer forms of NiPS3 and FePS3. Raman measurement provides 

(albeit only indirectly) evidence that the bulk magnetism is preserved in these thin exfoliated 

crystals.57 The revolutionary breakthrough occurred in 2017 when the first realization of 

magnetism was confirmed with clear and direct experimental evidence in atomically thin CrI3 and 

Cr2Ge2Te6 down to the mono- and bilayer limit.58-59 This ground-breaking discovery has sparked 

intense interest and activities in expanding the scope of 2D vdW magnetic materials, optimizing 

the exfoliation techniques to obtain mono- or multilayer thin films, and investigating the physical 

properties of these atomically thin 2D magnetic structures. So far, several classes of 2D vdW 

magnets have been synthesized and exfoliated, with a diverse range of properties being observed 

and a variety of functional devices being developed. The first class is the chromium-based 

compounds, including Cr2Ge2Te6, CrI3, CrBr3, CrCl3, and CrSiTe3. These materials exhibit 

different types of inter-layer and intra-layer magnetic coupling and consequently exhibit layer-

dependent magnetic behaviors, which can be modulated by moving the electrons between layers 

via gate voltage. This paves a unique pathway to study the magnetoelectric control and spintronics 

of 2D atomically thin magnets and fundamentally understand the interplay between electronic and 

magnetic properties. Other 2D vdW magnets include Fe3GeTe2, which has strong 

magnetocrystalline anisotropy and magnetostrictive effect, 1T VSe2 and 1T-VS2, which, when 

exfoliated into a few layers, possess room temperature ferromagnetic ordering, and the above-

mentioned NPS3 and NPSe3 (M = Mn, Fe, or Ni) class, which exhibit antiferromagnetic ordering 
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maintained in monolayer and may show superconductivity, although further confirmations are still 

warranted.60  

The field of 2D vdW magnetic materials has just started, but the experimental results already 

reported have provided powerful solutions to many challenges in fabricating 2D magnetic 

nanostructures and developing platforms to study 2D magnetism, which have given us a glimpse 

of how fertile the research domain is, as opened by the discovery and exfoliation of these 2D vdW 

magnets. This also offers great inspiration for the development of 1D magnetic materials. To 

address challenges mentioned in 1.4 and to deepen the understanding of vdW bonding in crystals, 

we seek to study solid-state crystalline phases that possess the same vdW structural attributes as 

that of 2D vdW phases but, instead of being comprised of sheets, are made of sub-nanometer 

inorganic chains that are held by very weak vdW interactions (i.e., 1D vdW materials) (Figure 

1.8). Such structural features, if combined with well-controlled magnetic properties, would enable 

us to build nearly ideal platforms to study 1D magnetism, access ultra-thin magnetic nanowires 

for technological applications, and in turn, help us to understand the crossover of magnetism from 

3D to 2D, and to 1D. 

Figure 1.8. A cartoon illustration of the concept of 1D vdW materials, where covalently 

bonded 1D chains are stacked and separated by weak vdW interactions. 
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1.6 Exfoliation of 1D van der Waals Phases for Electronic 

and Optical Applications 

Prior to this thesis work, top-down exfoliation of 1D vdW lattices, including solution 

exfoliation by sonication and mechanical exfoliation by adhesive tapes, have not been employed 

to produce 1D magnetic nanostructures yet, but they have been developed to obtain 1D nanowires 

for electronic and optical applications. With these nanowires, the crossover of electronic or optical 

properties from 3D to 1D has also been studied. These explorations have offered valuable insights 

into the mechanism of exfoliation and are an inspiring starting point towards the top-down 

fabrication of 1D magnetic nanostructures. 

The essence of solution exfoliation of 1D vdW crystals is the breakdown of the vdW 

interactions and dispersion of the exfoliated nanomaterials in solvent (Figure 1.9). Such processes 

are highly dependent on the wetting behavior and the binding energy between the solvent and the 

material surface. Among various properties of solvents, the polarity affects the binding energy 

between the solid surface and the liquid through dipole-dipole interactions, and the dispersity 

affects the wetting behaviors. As a result, by optimizing the solvent with respect to the vdW 

material of interest, people have successfully exfoliated various 1D magnetic nanostructures using 

simple solvent systems.61 For example, MoSI nanowires with the formula of Mo6S9-xIx (typically 

4 ≤ x ≤ 6) down to less than 1nm thin can be prepared by sonicating the as-synthesized bulk crystals 

within in isopropanol.62 Similarly, V2Se9 and Nb2Se9, both featuring covalently bonded chains 

connected by weak inter-chain vdW interactions, can be easily exfoliated into nanowires with ~ 

1nm diameter by sonication in isopropanol or acetone.63-64 In addition, 1D vdW crystals, including 

Ta2NiSe7, Sb2Se3, and Nb2Se9, can be mechanically cleaved into nanowires by adhesive tapes.65  

Figure 1.9. A conceptual illustration of solution exfoliation process of 1D vdW lattices 
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It is crucial to distinguish the exfoliation methods mentioned in the preceding paragraphs 

from the solution stabilization of 1D ionic lattice with polar organic solvents, which is also called 

“exfoliation” in many literature. The solution stabilization involves bulk materials that are 1D ionic 

lattices with anionic 1D chains separated by group I or group II cations, and a polar medium such 

as highly polar organic solvents that can solvate the cation and then allow the anionic chains to be 

isolated by the electrostatic repulsion forces between the chains. One representative demonstration 

of this method is the solvation of LiMo3Se3 into chains with less than 5nm diameters using N-

methylformamide and dimethyl sulfoxide.66 Because of the existence of counter ions on the surface 

of the negatively charged nanowires, these 1D nanostructures are much more sensitive to air or 

water and less stable than the nanowires produced by cleaving vdW gaps. In addition, these ionic 

nanowires can have strong interactions with substrate and local structural defects, which are much 

more challenging to manipulate or be incorporated into functional devices than the exfoliated 

nanowires resulting from vdW crystals.  

1.7 1D van der Waals Magnetic Materials 

Although people have intensively investigated the 2D vdW magnets and have developed 

efficient strategies to exfoliate 1D vdW crystals, to our knowledge, very few groups have studied 

1D vdW magnetic systems, and these 1D top-down exfoliation techniques have not been extended 

to magnetic vdW phases to access highly desirable ultrathin magnetic nanowires. To fill this gap, 

we first need to identify 3D bulk crystals with our desired structural features and magnetic 

properties and use them as the precursors for top-down exfoliation. In addition, we also need to 

explore strategies to efficiently control the magnetic properties of the bulk 1D vdW crystals so that 

a diverse library of 1D vdW magnetic phases can be achieved. Such a broadened scope of material 

candidates will offer us more opportunities to optimize the top-down exfoliation techniques and 

achieve various magnetic behaviors within the exfoliated nanowires.  
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Prior to this thesis work, only two classes of 1D vdW magnetic solids had been reported. 

One class has the formula of CrSbCh3 (Ch = Se and S), which features double-rutile chains of Cr 

(III) separated by weak vdW interactions (Figure 1.10). CrSbSe3 was first synthesized in 1997 

and reported as a ferromagnet with long-range ordering,67-68 although no magnetic structure was 

reported before our work. CrSbS3 was first synthesized in 1994 with contradictory claims on its 

magnetic ordering being reported.69-71 Another class of isostructural 1D vdW magnets has the 

formula of MPn2Ch4 (M = Mn, Fe, Pn = Sb, Bi, and Ch = S, Se), which features single-rule chains 

of the magnetic metal ions separated by vdW gaps (Figure 1.10). For phases within this class, the 

dominant magnetic ordering depends strongly on the nature of the magnetic atom (Mn, Fe) lying 

in the center of the 1D chains and the dominant charge carrier type (electrons or holes) can be 

Figure 1.10. Crystal structures and the structures of 1D unit of the two classes of 1D 

vdW magnetic phases reported before this thesis work. 
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manipulated by the nature of the Pn atoms on the edge of the 1D chains. For example, FeSb2Se4 

has been reported to be a ferromagnet, while MnSb2Se4 is an antiferromagnet. P-type 

semiconduction behavior was observed in MnSb2Se4 and FeSb2Se4, while the Bi analog MnBi2Se4 

and FeBi2Se4 exhibit n-type behaviors.72-76 However, due to the low spin moments on Fe (II) and 

the antiferromagnetic coupling between Mn (II), weaker magnetization is observed for this class 

of 1D vdW magnets compared to the CrSbCh3 class. In addition, we expect a relatively weaker 

long-range magnetic ordering in MPn2Ch4 phases because of the single-chain nature of each 1D 

magnetic unit, in contrast to the spin-ladder connections within the CrSbCh3 class. With this in 

mind, we started from phases belonging to the CrSbCh3 class, developed top-down methods to 

exfoliate these phases for nanowire production, and significantly broadened the scope of materials 

belonging to this class. Details of these results will be discussed in the following chapters.  
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Chapter 2  

Ultrathin, High-Aspect Ratio, and Free-Standing 

Magnetic Nanowires by Exfoliation of Ferromagnetic 

Quasi-One-Dimensional van der Waals Lattices 

 

2.1 Abstract 

Driven by numerous discoveries of novel physical properties and integration into 

functional devices, interest in one-dimensional (1D) magnetic nanostructures has grown 

tremendously. 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 sub-nanometer 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 efficient top-down method to produce ultrathin freestanding nanowires that are both magnetic 

and semiconducting. We use CrSbSe3 as a representative quasi-1D van der Waals crystal with 

strong magnetocrystalline anisotropy, and show that it can be exfoliated into nanowires with 

average cross-section of 10 ± 2.8 nm. The CrSbSe3 nanowires display reduced Curie-Weiss 

temperature, but higher coercivity and remanence than the bulk phase. The methodology 

developed here for CrSbSe3, 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. 
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2.2  Introduction 

Nanoscale low-dimensional magnetic devices have enabled studies of a vast range of  

exotic physical phenomena1-3 such as spin-Peierls transitions in spin chains4 and superconductivity 

in spin-ladder systems,5 and have given rise to technologies spanning magnetic refrigeration,6-7 

implantable bioelectronics,8-9 and data storage devices.10-14 Many of these technologies benefit 

from the use of one-dimensional (1D) magnetic nanostructures, which have smaller footprints, 

greater sensitivity towards external stimuli, and enhanced coercivity enabled by their inherent 

shape anisotropy.15 The advantages conferred by nanowires have led to numerous advances in 

bottom-up synthetic routes, such as vapor- and solution-phase growth,16-18 electrodeposition,19-21 

and lithographic methods,22-23 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.24-29 

Alternatively, one can employ top-down approaches to isolate wires from bulk crystals, as 

demonstrated with Mo6S3I6,30-33, SnIP,34 and V2Se9, 35-36 which comprise strong covalently-bonded 

molecular chains connected by van der Waals (vdW) inter-chain 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.30, 37-47 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 comprised of one-dimensional inorganic magnetic chains held together 

predominantly by vdW interactions. Contrasting with related methods pioneered for instance with 

the solution stabilization of Li2Mo6Se6 highly polar solvents,48-49 this method is distinct because it 

does not require cation solvation and produces free-standing nanowires that do not require solution 

or surface 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 

dichalcogenides. Indeed, although exfoliation is obviously widely used with bulk 2D vdW lattices, 

including for producing free-standing ultrathin magnetic sheets,50-57 it has rarely, if ever, been used 
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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 CrSbSe3 as a representative example. Although there are numerous bulk 

phases that can be described as 1D vdW crystals, exceedingly few show magnetic ordering.58-62 

Featuring weakly associated double-rutile chains of covalently bonded atoms, bulk CrSbSe3 

exhibits robust ferromagnetic ordering below 71 K. 63-64 The Sb atoms are critical: their lone pairs 

provide steric repulsion that separate individual CrSbSe3 chains and open vdW gaps. We used 

time-of-flight (T.O.F.) powder neutron diffraction to establish the ferromagnetic ground state and 

the apparent magnetocrystalline anisotropy of CrSbSe3 and show that as-synthesized CrSbSe3 

crystals can be readily exfoliated into 10 ± 2.8 nm thick nanowires. Importantly, the exfoliated 

CrSbSe3 nanowires are resistant to oxidation under ambient conditions. Exfoliation of the bulk 

crystals into long and thin nanowires significantly decreases the Curie-Weiss temperature (θCW) 

and simultaneously increases their coercivity and remanence. Exfoliation thus produces a harder 

ferromagnetic phase than bulk CrSbSe3, as has also been seen upon nanostructuring traditional 

ferromagnets such as Ni and Fe2O3.65-66 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. 

 

2.3 Results and Discussions 

2.3.1 Structural Characterization 

As reported previously, CrSbSe3 crystallizes in the orthorhombic Pnma space group and 

features double-rutile chains of covalently bonded atoms extending along the b axis (Figure 

2.1a).63-64 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 atom on an adjacent 
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chain, 3.2494(9) Å, is much longer than the Sb–Se bond distances within a chain: 2.6473(8) Å and 

2.6679(11) Å (Figure 2.1a, Table S4). Bulk CrSbSe3 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 2.1b,c, see 2.5.1 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). 

 

 

2.3.2 Magnetic Structure Analysis 

We used T.O.F. powder neutron diffraction to determine the magnetic structure and 

correlate structural parameters in CrSbSe3 with its established bulk ferromagnetic behavior. It had 

been shown that the ferromagnetic transition temperature (TC) of bulk CrSbSe3 is at approximately 

71 K. As such, we refined neutron diffraction data above and below TC. Significantly, data 

Figure 2.1. Structure and characterization of CrSbSe3. a) X-ray crystal structure of 

CrSbSe3 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, 

grey and yellow spheres represent Cr, Sb, and Se, respectively. b) A single crystal of 

flux-grown CrSbSe3. c) Scanning electron microscopy (SEM) micrograph of an as-

synthesized CrSbSe3 single crystal after mechanical cleavage. d) SEM micrograph with 

the corresponding EDS elemental maps of CrSbSe3.  
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collected at 10 K displayed increased intensity for several Bragg peaks at the high T.O.F. (> 

100,000 μsec) or d-spacing region (Figure 2.2a). Indexing and refinement of this data revealed 

that the magnetic unit cell has the same parameters as the crystallographic unit cell (Figure 2.2b, 

see 2.5.2 for the detailed results of the Rietveld refinement). Rietveld refinement of the neutron 

diffraction patterns revealed ferromagnetic order with spin moments aligned along the a axis 

(Figure 2.2c). 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 a perfect alignment of the ferromagnetically ordered moments along the a axis, without 

spin canting. These data confirm the magneto-crystalline anisotropy and the magnetic easy axis, 

previously suggested solely on the basis of magnetic susceptibility measurements of oriented 

crystals.63 Similarly, the neutron diffraction-derived magnetic moment of 3.06(7) µB/Cr is 

consistent with the ground spin state of S = 3/2 for Cr(III), determined from magnetization data. 

 

Figure 2.2. Magnetic structure of the CrSbSe3 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 CrSbSe3. Several zone 

axes of interest are labeled with their respective Miller indices. c) The refined magnetic 

structure of CrSbSe3 derived from the powder neutron diffraction profile projected along 

the [010] (top) and [001] (bottom) axes. 
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2.3.3 Exfoliation of CrSbSe3 into Nanowires 

With evidence in hand that CrSbSe3 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.67-70 To this end, the isopropanol (iPrOH)-water mixture covers a wide range 

of both dispersive and polar parameters and was also used here.70-71 When subjecting CrSbSe3 

suspensions after ultrasonication to liquid cascade centrifugation (Figure 2.3a and see 2.5.3 for 

exfoliation details) which removes the large and unexfoliated chunks and keeps the efficiently 

exfoliated nanoparticles, we found that a volumetric 30:70 iPrOH:water mixture and the 100% 

iPrOH yield the highest concentration of dispersed CrSbSe3 nanoparticles (Figure 2.3b, Table 

Figure 2.3. Exfoliation and liquid cascade sonication of CrSbSe3. a) An illustration of 

the liquid cascade centrifugation process for the separation exfoliated nanowires from not 

efficiently exfoliated particles in the colloidal solutions after sonication. b) CrSbSe3 

dispersions in iPrOH/H2O solvent mixtures with increasing iPrOH volume ratios 

(%ViPrOH/Vtotal) and decreasing polarity from left to right. Vtotal denotes the total volume 

of iPrOH and H2O. 
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2.1). When checked under SEM, the exfoliated nanoparticles of bulk CrSbSe3 powder in 100% 

iPrOH are isotropic nanoparticles of CrSbSe3 rather than nanowires (Figure 2.4), but the 

exfoliation of CrSbSe3 in 30:70 iPrOH:water mixture yields beautiful ultrathin nanowires (Figure 

2.5 and 2.6). Measurement of 70 individual randomly oriented nanowires using atomic force 

microscopy (AFM) gave an average cross-section of 10 ± 2.8 nm (Figure 2.7). 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 view of 

single nanowires revealed uniform thickness along the length of the nanowire, with no tapering, 

branching, or kinking that are often seen in nanowires grown by bottom-up methods (Figure 2.7 

bottom). Furthermore, nanowires produced by our method are smooth, with surface roughness of 

± 0.2 nm over 1 µm, further highlighting the absence of morphological distortions, discontinuities, 

or cracks along the nanowire surface (Figure 2.8). 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 dimensionalities. 

 

 

 

Figure 2.4. Representative SEM micrograph of the drop-casted exfoliated CrSbSe3 

nanoparticles in 100% iPrOH. 
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Table 2.1. Concentrations of the CrSbSe3 nanowire dispersions in isopropanol (iPrOH)/H2O 

cosolvent system. 

ViPrOH/Vtotal Concentration (mg/mL) 

30% 0.043 

40% 0.033 

50% 0.031 

90% 0.025 

100% 0.025 

 

 

Figure 2.5. Representative SEM micrograph of the drop-casted CrSbSe3 nanowires on 

300 nm SiO2/Si. 
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Figure 2.7. Cross-section distributions of CrSbSe3 nanowires determined by AFM 

imaging. corresponding line profile 

Figure 2.6. AFM image of a single CrSbSe3 nanowire with the corresponding line 

profile (top) and 3D topographical view (bottom). 
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2.3.4 Stability of the Exfoliated CrSbSe3 Nanowires 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) confirmed the phase 

identity, crystallinity, and surface stability of the exfoliated CrSbSe3 nanowires. Because phonon 

modes are directly correlated to the structural identity and inherent crystallinity of a material, we 

Figure 2.8. Surface roughness of one CrSbSe3 nanowire on 300nm SiO2/Si substrate 

determined by linear roughness measurement in AFM. 

 

Figure 2.9. Micro-Raman spectra of the bulk and exfoliated CrSbSe3. 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. 



 48 

probed the evolution of these modes in CrSbSe3 upon its exfoliation from bulk into nanowires. As 

shown in Figure 2.9 (See also 2.5.4 for detailed Raman analysis), all Raman modes present in 

bulk CrSbSe3 are also found in exfoliated nanowires, including the most prominent bands at 212.8 

cm–1 and 174.4 cm–1, whose narrow full-width half-max of 10.0 cm–1 and 6.3 cm–1, respectively, 

remain nearly unchanged and indicate a high degree of crystallinity. We attribute lower energy 

shifts of approximately 2 cm–1 to phonon confinement effects as the lattice is reduced from bulk 

to nanowires.72 XPS of CrSbSe3 single crystals and exfoliated nanowires, shown in Figure 2.10, 

revealed two energy bands for Cr, at 575.2 eV (2p3/2) and 584.6 eV (2p1/2), which agree well with 

the reported binding energy of Cr 2p in similar coordination environments.73 The broad non-

symmetric peak shape of the Cr 2p peaks can be attributed to multiplet splitting, which is common 

for Cr(III) compounds.74 Similarly, the Sb 3d spectra of bulk crystals and exfoliated nanowires 

both show two bands at 529.3 eV (3d5/2) and 538.8 eV (3d3/2), in good agreement with literature 

values for Sb (See 2.5.5 for detailed peak fitting).75 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.  

 

Figure 2.10. XPS spectra of the Cr 2p and the Sb 3d of both bulk crystals and exfoliated 

nanowires of CrSbSe3. In Sb 3d spectrum, the peak marked by an asterisk corresponds to 

the O 1s contribution from the exfoliation solvent. 
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2.3.5 Magnetic Properties of Bulk and Exfoliated CrSbSe3 

Exfoliating bulk crystals into nanowires allows systematic studies for understanding the 

evolution of magnetic properties of CrSbSe3 upon nanosizing. We first confirmed the magnetic 

properties of bulk CrSbSe3 by susceptibility measurements from 2 K to 300 K under an applied 

field of 1 kOe. A linear fit of this data in the high temperature region gives an effective moment 

of 4.2 μB/Cr, in agreement with the spin-only value expected for Cr(III) (3.9 μB). Fitting this data 

to the Curie-Weiss law gives θCW ~ 133 K, indicating ferromagnetic coupling between the Cr3+ 

centers, with TC around 70 K (See fitting details in 2.5.6). The field-dependent magnetization curve 

at 2 K collected at fields up to 80 kOe saturates at 3 µB/Cr, further confirming both the phase purity 

and ferromagnetic ordering of the Cr3+ spins in the bulk CrSbSe3 lattice (Figure 2.11a). Close 

inspection of the magnetic hysteresis loop indicates that both the coercivity, Hc, and the remanence 

are very low (Hc = 140 Oe), in agreement with previous reports classifying bulk CrSbSe3 as a soft 

ferromagnet.63-64 

Generally, the magnetization behavior of nanostructures tends to minimize the total free 

energy in terms of exchange energy, Zeeman energy, magnetoelastic energy, and anisotropy 

energy. Among these, the variation of the anisotropy term with particle shape has been 

experimentally and theoretically investigated extensively,20, 76-77 and has been found to 

significantly influence fundamental magnetic properties including the coercivity, remanence, 

saturation magnetization, easy axis, and magnetic reversal process.20, 77-78 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 CrSbSe3 should show different magnetic properties from 

the bulk.  
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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 CrSbSe3 and the extreme thinness of the exfoliated nanowires 

that are 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.66 Here, we filtered the final supernatant after the liquid 

cascade centrifugation and collected about 1 mg of exfoliated CrSbSe3 nanowires. The shape of 

the magnetization curve for these nanowires (Figure 2.11a) suggests that the long-range 

ferromagnetic ordering present in bulk CrSbSe3 persists upon exfoliation. However, the hysteresis 

loop demonstrates that the coercivity is significantly enhanced by as much as one order of 

magnitude, from Hc = 0.14 kOe in the bulk to Hc = 1.5 kOe in the exfoliated nanowires, and that 

the remanence increases from 0.2 μB/Cr in the bulk to 0.5 μB/Cr in the exfoliated nanowires. 

Notably, these results suggest that upon exfoliation into ultrathin nanowires, CrSbSe3 transitions 

Figure 2.11. Magnetic properties of bulk polycrystalline powder and exfoliated 

nanowires of CrSbSe3. a) Comparison of the M-H data for bulk and exfoliated nanowires 

of CrSbSe3 at 2 K. (b) Temperature dependent field-cooled (FC) and zero field-cooled 

(ZFC) molar magnetic susceptibility curves of bulk and exfoliated CrSbSe3 under an 

applied field of 1 kOe (c) Curie-Weiss fits of the temperature-dependent inverse 

susceptibilities for bulk and exfoliated CrSbSe3. 
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from a soft to a hard ferromagnet. Similar transitions have been observed for other low-

dimensional magnetic systems and are often assigned to increasing anisotropy.80-84 In bulk 

CrSbSe3, although the spins prefer to align along the a axis, the magneto-crystalline 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 c, 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 temperature-dependent magnetic susceptibility from 2 K 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 2.11b).85 The 

susceptibility data above 140 K can be fitted to the Curie-Weiss law to give a Curie constant of 

3.9 μB/Cr and θCW of approximately 95 K. This θCW is 38 K lower than the value for the bulk 

crystal (Figure 2.11c) and can be ascribed to finite-size effects: in bulk CrSbSe3, which is a 3D 

ferromagnet, the spin-spin correlation length ξ is expected to increase with temperature and 

diverge at the ordering temperature.86 Upon exfoliation, where the dimensions along the 

crystallographic a and c directions become significantly smaller, the growth of the correlation 

length with temperature is constrained by the wire diameter d, resulting in a reduced θCW. Although 

similar finite-size effects have been established both experimentally and theoretically in 2D thin 

films as well as zero-dimensional nanoparticles,79, 87-90 they are much less investigated in 1D or 

quasi-1D nanowires, with several theoretical and experimental reports nevertheless showing 

strong size dependence of θCW.91  

2.4 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 CrSbSe3, 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 
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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.  

2.5 Methods and Supplementary Details  

2.5.1 Synthesis of CrSbSe3. 

Single crystals of CrSbSe3, used in electron-dispersive X-ray spectroscopy (EDS) mapping, 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS), were grown via a modified 

high temperature flux method.63 Elemental Cr, Sb, and Se were mixed in a molar ratio of Cr:Sb:Se 

= 7:33:60. Excess Sb and Se were used as flux, and the mixture was sealed into fused quartz tubes 

under a pressure of ~ 50 mTorr. The sealed ampoule was first ramped to 600 °C over 3 hours, kept 

at 600 °C for 3 hours, then ramped to 800 °C over 2 hours, and kept at this temperature for 3 days. 

The mixture was then cooled down to 680 °C slowly over 5 days and subsequently centrifuged at 

this temperature to remove the flux. The small amount of flux remaining on the surface of the 

crystals was removed by keeping the as-grown crystals at 500 °C for 3 days in a sealed fused quartz 

ampoule while leaving the cold end of the ampoule at room temperature. Polycrystalline powders 

of CrSbSe3, used for time-of-flight (T.O.F.) powder neutron diffraction, magnetometry and 

exfoliation, were synthesized via a typical solid state melt reaction.64 Starting elements were finely 

ground, mixed in stoichiometric ratio, and sealed into fused quartz tube under ~50 mTorr. 

Ampoules were heated to 800 °C over 3 hours and kept at this temperature for 2 days, followed by 

cooling to room temperature slowly over 5 days. The preparation and handling of all reagents was 

done under ambient conditions. Chromium (Sigma-Aldrich, 99.5%), antimony (STREM 

Chemicals, 99.5%) and selenium (STREM Chemicals, 99.99%) were purchased and used without 

further purification. 
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2.5.2 Liquid-Phase Exfoliation and Liquid Cascade Centrifugation. 

Liquid-phase exfoliation was carried out via sonication (Branson 8800, 230 W, 25 °C) on 

finely ground samples dispersed in an isopropanol (iPrOH) and H2O mixture with an optimized 

iPrOH volume fraction (ViPrOH /Vtotal; Vtotal denotes the total volume of iPrOH and H2O) and a 

starting concentration of 1 mg/mL for 2 hours. To eliminate large, unexfoliated solids, the resulting 

dispersion was first separated by centrifugation at 2000 r.p.m. for 10 minutes. The sediment from 

this centrifugation was removed and the supernatant was subjected to further centrifugation at 

3000 r.p.m. for 5 minutes. This procedure was repeated at 4000 r.p.m. (3 minutes) and 5000 r.p.m. 

(3 minutes). Finally, the supernatant after centrifugation at 5000 r.p.m. was collected and used for 

subsequent measurements and characterization. The resulting supernatant was filtered under 

vacuum onto pre-weighed Millipore nitrocellulose filters with 25 nm pore size.  

 2.5.3 Characterization Details  

The single crystal structure of CrSbSe3 was confirmed via single crystal X-ray diffraction 

(SXRD) of sizeable micron-sized crystals using a Bruker D8 diffractometer which is coupled to a 

Bruker APEX-II CCD detector and a Mo Kα radiation (λ = 0.71073 Å), performing f- and w-

scans. The refinement of the structure was performed using direct methods in the SHELX package 

and refined against F2 on all data by full-matrix least squares with SHELXL-13.92 The T.O.F. 

powder neutron diffraction data were collected on polycrystalline samples loaded into thin-walled 

vanadium cans, on the T.O.F. powder diffractometer POWGEN at the Spallation Neutron Source, 

Oak Ridge National Laboratory. Structural and magnetic refinements were performed using the 

FullProf package.93 The symmetry-allowed magnetic structures were derived using SARAH 

representational analysis program.94 Magnetic susceptibility measurements were performed on 

powders using a Quantum Design Physical Property Measurement System (PPMS) Dynacool, 

equipped with a vibrating sample magnetometer (VSM) option. The polarized and unpolarized 

Raman spectra were collected on a Horiba Multiline Raman spectrometer with a 100x long 

working distance objective, 532 nm excitation line, and 600 gr/mm grating with a spot size of ~3 

µm. The X-ray photoelectron spectra (XPS) were collected using a Thermo Nexsa X-ray 

photoelectron spectrometer with a monochromated Al X-ray source. Scanning electron 

microscopy (SEM) micrographs were acquired using a Zeiss Field Emission SEM Ultra55 
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equipped with an electron-dispersive X-ray spectroscopy (EDS) detector. Atomic force 

microscopy (AFM) images were acquired on a Cypher Atomic Force Microscope from Asylum 

Research using silicon probing tips with mid-range mechanical properties (f = 300 kHz, k = 26 

N/m) from Oxford Instruments. The scan rates are 0.5-2 Hz depending on the scan size.  

2.5.4 Crystal Structure and Magnetic Structure Details of Bulk 

CrSbSe3 

Table 2.2. Details of the structure determination of CrSbSe3 based on single-crystal experiments 

measured at 300 K 

Sum Formula CrSbSe3 

Radiation λ (Mo-Kα = 0.71073 Å) 

Thera range for data collection 2θ ≤ 61.004° 

Index ranges 
-13 ≤ h ≤ 13, -5 ≤ k ≤5, -19 ≤ l 

≤ 19 

Absorption coefficient /mm-1 31.590 

Measured reflections 11064 

Independent reflections 805 

No. of parameters 31 

Goodness-of-fit on F2 1.218 

Final R indices [I > 2σ (I)] 0.0716 

R(int) 0.0564 

R(σ) 0.0255 

R indices (all data) 0.0720 

ωR2 (all data) 0.1662 

Largest diff. peak and hole (e-/ Å3) 3.651 to -3.729 
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Table 2.3. Selected crystallographic data of CrSbSe3 derived from Single-crystal X-ray 

Diffraction (SXRD) measured at 298 K, Time-of-Flight Powder Neutron Diffraction (T.O.F. PND) 

measured at 300 K and measured at 10 K.  

 SXRD at 298 K T.O.F. PND at 300 K T.O.F. PND at 10 K 

Crystal system Orthorhombic Orthorhombic Orthorhombic 
Space group P n m a P n m a P n m a 

Lattice parameter (Å)   

a 9.1552(3) 9.14356(14) 9.15077 
b 3.78460(10) 3.78477 (5) 3.78376 
c 13.3542(4) 13.41741(19) 13.33229 
Cell volume (Å3) 462.56(2) 464.326 461.621 

 

 

Table 2.4. Atomic coordinates for CrSbSe3 derived from SXRD at 298 K, T.O.F. PND measured 

at 300 K and 10 K.  

 SXRD at 298 K 
Atom x y z 

Cr 0.34320(14) 0.2500 0.45537(10) 
Sb 0.02882(6) 0.7500 0.34153(5) 

Se(1) 0.17119(9) -0.2500 0.51586(6) 
Se(2) 0.49948(9) 0.2500 0.60836(7) 
Se(3) 0.21424(9) 0.2500 0.28611(6) 

 
 T.O.F. PND at 10 K 

Atom x y z 
Cr 0.15685(0) 0.25000(0) 0.04389(0) 
Sb 0.02884(0) 0.25000(0) 0.65849(0) 

Se(1) 0.17114(0) 0.25000(0) 0.48403(0) 
Se(2) 0.50076(0) 0.25000(0) 0.60823(0) 
Se(3) 0.28586(0) 0.25000(0) 0.21392(0) 
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 T.O.F. PND at 300 K 
Atom x y z 

Cr 0.15627(41) 0.25000(0) 0.04489(25) 
Sb 0.02998(22) 0.25000(0) 0.65809(16) 

Se(1) 0.17189(17) 0.25000(0) 0.48436(10) 
Se(2) 0.50221(17) 0.25000(0) 0.60906(11) 
Se(3) 0.28510(15) 0.25000(0) 0.21295(11) 

 
 

 

Table 2.5. Selected bond lengths (or interatomic distances) of the refined CrSbSe3 structure 

derived from SXRD at 300 K 

 
 d (Å) 
Cr-Se(1) 2.5907(11) 
Cr-Se(2) 2.5255(11) 
Cr-Se(3) 2.5499(16) 
Sb-Se(1) (intra-chain covalent bond) 2.6679(11) 
Sb-Se(3) (intra-chain covalent bond) 2.6473(8) 
Sb-Se(1) (inter-chain vdW interaction) 3.2494(9) 
Sb-Se(3) (inter-chain vdW interaction) 3.8439(9) 

 

2.5.5. Symmetry Analysis of Bulk CrSbSe3 Single Crystal for Raman 

Spectroscopy  

We performed polarized Raman measurements in the backscattering geometry in order to 

probe the phonon modes in the CrSbSe3 lattice. In these measurements, we performed (0o) co- and 

(90o) cross-polarized scattering measurements where the long axis of the crystal is parallel to the 

laser polarization. We used the standardized unit cell axes (aàa, bàc, càb), mainly assigning 

the high-symmetry principal axis from b to c, instead of the experimental single crystal unit cell 

and reported unit cell axes 1-2 for coherence and consistency with the group theory analyses. This 

measurement setup corresponds to the –X(ZZ)X and –X(YZ)X Porto notations for the co- and 

cross-polarized measurements. Since we are doing only the crystal axes perpendicular to the 

crystal long axis, in this case, X and Y are interchangeable. This won’t affect any of the subsequent 

selection rules due to the nature of the symmetry. Similar to other orthorhombic crystals that are 
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comprised of isolated chains, with the same Pnma space group symmetry 95, we adopted the 

simplified C2h point group instead of the D2h point group. By doing this, we simplify and reduce 

the Raman-active modes from 30 modes (2Ag + B1g + 2B2g + B3g for 5 atoms occupying the 4c 

site) to 15 modes in total (2Ag + B1g for 5 atoms occupying the 4c site). In these modes, B1g and 

Ag modes correspond to the vibrations parallel and perpendicular to the crystal’s long axis. We 

experimentally observe 10 major peak modes of these 15 expected modes. Upon performing co-

polarized measurements, we observe the persistence of only five peaks. These vibrational modes 

should therefore correspond to the Ag (vibrations perpendicular to the chain direction) symmetry 

based on Raman polarization selection rules. On the other hand, in the cross-polarized spectra, the 

five peaks that decreased in intensity and disappeared are the only ones that were present, thereby 

establishing the vibrational modes corresponding to these Raman shifts to be in the B1g (vibrations 

parallel to the chain direction) symmetry. 

 

 

Figure 2.12. Unpolarized, co-polarized, and cross-polarized backscattered Raman 

spectra of CrSbSe3 single crystal with the symmetry assigned. (Ag: vibrations parallel to 

the wire direction; Bg: vibrations perpendicular to the wire direction) 
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Table 2.6. Fitting results of major Raman peaks of bulk and exfoliated CrSbSe3.  

 Bulk single crystal Exfoliated nanowires 

Peak position (cm-1) 147.2 174.4 186.4 212.8 145.2 172.6 184.5 210.3 

FWHM (cm-1) 9.86 6.32 13.05 10.05 8.23 7.07 10.48 10.67 

Symmetry mode Ag+Bg Bg Ag Ag Ag+Bg Bg Ag Ag 

 

2.5.7 Fitting details of the XPS spectra of bulk and exfoliated 

CrSbSe3 

 

 

Figure 2.13. Fitting of the Cr 2p XPS spectra of bulk and exfoliated CrSbSe3 
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Note: The Sb 3d3/2 region of the exfoliated nanowires shows a miniscule shoulder at 532.0 

eV which we ascribe to the O1s peak of the residual solvent. 

 

 

 

Figure 2.14. Fitting of the Sb 3d XPS spectra of bulk and exfoliated CrSbSe3 

Figure 2.15. Se 3d XPS spectra of the bulk and exfoliated CrSbSe3 with fitting. 
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2.5.8. Fitting Details of the Magnetometry Data of Both Bulk and 

Exfoliated CrSbSe3 

The inverse susceptibility (1/χ) data gathered at low applied field (1000 Oe) were fitted 

using the modified Curie-Weiss law (1/χ = (T-θcw)/C). The fitting parameters are shown in Table 

2.7. 

Table 2.7. Parameters derived from the Curie-Weiss fitting of bulk and exfoliated CrSbSe3. 

 

 

 

  

 Bulk Exfoliated 
Slope 0.4479 0.5436 
Intercept -59.7698 -51.5435 
R2 0.997 0.999 
C 2.2326 1.8396 
µeff (µB) 4.23 3.84 
θcw (K) 133.4 94.8 
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Chapter 3 

Metamagnetic Transitions in CrSbS3: A Quasi-One-

Dimensional van der Waals Antiferromagnet  

3.1 Abstract 

One-dimensional (1D) or quasi-1D antiferromagnetic (AFM) phases have attracted much 

attention because of the potential emergence of exotic quantum phenomena (e.g., 

superconductivity) therein and their promises for spintronic applications. The “ideal” 1D or quasi-

1D AFM system, which is free from magnetic exchange pathways between the 1D spin motifs, 

has not been reported yet. To address this, we designed and synthesized an AFM spin ladder phase 

CrSbS3 with large van der Waals (vdW) gaps between the quasi-1D spin ladders, where the vdW 

gaps preclude potential inter-ladder magnetic couplings, give a real quasi-1D magnetic sublattice, 

and give a 1D crystallographic lattice. Herein, we report the crystal and magnetic structure of 

CrSbS3, its magnetic responses to varied temperatures and fields, and its structure-magnetism 

interplay. With powder neutron diffraction, we established the AFM spin ladder feature of CrSbS3 

in its ground state. With a systematic magnetometry study, we demonstrated the field-induced 

ferromagnetic correlations and the metamagnetic transition in CrSbS3. To further understand the 

metamagnetic transition in CrSbS3, we studied the interplay between the lattice and the magnetic 

ordering of CrSbS3 through high-resolution Raman spectroscopy and demonstrated a strong spin-

phonon coupling therein. Our results suggest the potential of CrSbS3 as a promising platform to 

study spin ladder phases with AFM ordering, the structure-magnetism relationships of such spin 

ladder phases, and their physical properties at the nanoscale.  

3.2 Introduction 

One-dimensional (1D) or quasi-1D antiferromagnetic (AFM) phases (e.g., AFM spin-

chains or spin-ladders) are significant for testing various theoretical models such as 
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superconductivity and quantum spin liquid and for applications such as racetrack memory devices 

and sensors.1-4 Ideal 1D AFM systems should feature isolated chains or ladders of spins wherein 

spin-spin interactions are particularly strong along only one well-defined direction of the space.  

Currently, people approach such phases by inserting nonmagnetic spacers such as counter ions or 

organic linkers in between magnetic chains or ladders, which confines the magnetic coupling in 

1D spatial units under certain approximations.5-6 However, strictly speaking, these compounds are 

not structurally 1D, which may raise problems. From the theoretical point of view, potential 

magnetic exchange pathways through nonmagnetic separators are still possible and can break the 

“ideal” 1D magnetism.7 For technological applications, the strong ionic or covalent interactions 

between magnetic units in these phases complicate their structural miniaturization and potential 

nanocomposite fabrication, hindering their applications as spintronics or sensors at the nanoscale.8  

Recently, by using van der Waals (vdW) gaps rather than ionic or covalent linkers to isolate 

magnetic motifs, similar limitations have been circumvented in the field of two-dimensional (2D) 

magnets. The vdW gaps rule out the interlayer superexchange pathways due to the lack of any 

interlayer bonding and minimize the direct exchanges due to the long interlayer distances. As a 

result, 2D vdW magnets can be viewed as “ideal” 2D systems both magnetically and structurally 

and have provided fertile testbeds for theories and precursors for nanostructured devices.9-10 

Inspired by these breakthroughs, we seek to overcome the limitations mentioned above in current 

1D or quasi-1D AFM systems by inserting vdW gaps between the antiferromagnetically ordered 

1D structural units.  

Then the question is how to construct each antiferromagnetically ordered 1D unit. 

According to the Mermin-Wagner theorem, long-range magnetic ordering at finite temperature is 

precluded in 1D spin chains and can only be achieved in 2D spin layers when thermal fluctuations 

are blocked by strong magnetocrystalline anisotropy.11 Therefore, we seek to obtain an AFM phase 

where each 1D structural unit is an array of two single chains of magnetic ions (i.e., spin-ladder) 

and with strong magnetocrystalline anisotropy. The dimensionality of the spin-spin interactions 

and the magnetic couplings in such a quasi-1D compound is between 1D and 2D and therefore is 

expected to give more robust magnetic ordering compared to strictly 1D single spin chains. 

Meanwhile, the lattice is composed of structurally 1D units separated by vdW gaps, allowing for 

miniaturizations and nanowire fabrications.  
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A robust ferromagnet CrSbSe3, which has double-rutile chains of edge-sharing CrSe6 

octahedra separated by vdW gaps and has Ising-type spins in the ground state, provides a promising 

lattice framework to start with. Therefore, we aim to create AFM ordering therein. In this lattice, 

the sign of magnetic coupling between Cr3+ is determined by the relative strength of AFM Cr3+–

Cr3+ direct exchange and ferromagnetic (FM) Cr3+–chalcogen–Cr3+ superexchange interactions. 

Because both the Cr3+–Cr3+ distances and the Cr3+–chalcogen–Cr3+ bond angles are directly 

affected by the bridging chalcogen anion, chemical modification of the chalcogen anion can 

significantly alter the competition between direct exchange and superexchange interactions and 

consequently, alter the magnetic ground state.12 With this in mind, we seek to substitute Se in 

CrSbSe3 with S to decrease the Cr–Cr distances, enhance the AFM direct exchange coupling, and 

achieve an AFM ground state. Although CrSbS3 was first synthesized in 1994, there is no 

conclusive study of its magnetic structure, and in fact, this material has been reported as both AFM 

and FM.13-16 Such contradictory claims suggest the complication of the magnetic properties of 

CrSbS3, which, together with the significance and promises of CrSbS3 as a vdW spin-ladder 

system, calls for a systematic study of its magnetic structure and transitions. 

Here, we conducted complementary structural, magnetic, and neutron diffraction 

measurements on CrSbS3 to elucidate its magnetic ground states and its magnetic behaviors in 

response to temperature and external field. We demonstrated that CrSbS3 is a zigzag spin ladder 

system possessing AFM ground state, with superexchange-dominated FM coupling along each 

rutile chain (leg direction) and direct-exchange-dominated AFM coupling across rutile chains (rug 

direction). Such a delicate balance between direct exchange and superexchange interactions also 

results in the sensitivity of the spin alignments of CrSbS3 towards external field. For example, 

despite the uncanted alignment of spins in the ground state, external field can generate canted spins 

and short-range FM correlations in CrSbS3 and trigger metamagnetic transitions. Accompanying 

this metamagnetic transition, we observed discontinuous changes of the phonon energies in CrSbS3, 

which reveals the strong spin-phonon coupling in this material.  In addition, we demonstrated that 

CrSbS3 could be exfoliated into nanowires with well-defined morphology and high aspect ratios. 

These findings collectively make CrSbS3 a unique platform for studying the magnetic structure, 

metamagnetic transitions, and magneto-lattice coupling in 1D antiferromagnets and exploring their 

potential spintronic applications at the nanoscale.  
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3.3 Results and Discussions 

3.3.1 Structure of CrSbS3 

CrSbS3 crystallizes in the orthorhombic Pnma space group and features double-rutile 

chains of covalently bonded atoms extending along the b axis (Figure 3.1a, b). The nearest 

neighbor distance between one Sb atom and the S atom on an adjacent chain, 2.9735(6) Å, is much 

longer than the sum of their covalent radii 2.43 Å (Sb: 1.40 Å, S: 1.03 Å),17 evidence of the vdW 

nature of inter-chain interactions. Bulk CrSbS3 is grown either by typical solid-state melt synthesis, 

which yields polycrystalline powder, or by flux growth with Sb2S3 as flux, which yields needle-

like millimeter-sized single crystals (Figure 3.1c, see 3.5.1 for synthesis details). These results 

collectively demonstrate that CrSbS3, isostructural with CrSbSe3, belongs to the family of quasi-

1D vdW materials.18-19 

3.3.2 Magnetic Structure of CrSbS3 

For these quasi-1D vdW magnets, the vdW gaps preclude direct exchange interactions and 

superexchange pathways between Cr3+ belonging to adjacent quasi-1D units. Consequently, their  

  

Figure 3.1. Crystal Structure of CrSbS3. a) X-ray crystal structure of CrSbS3 at 298 K, 

with the unit cell outlined in black. b) A view of CrSbS3 crystal structure along the c 

direction. c) A single crystal of flux-grown CrSbS3. Green, grey, and yellow spheres 

represent Cr, Sb, and S, respectively.  



 75 

magnetic ordering is dominated by the exchange coupling within each double-rutile chain. 

Therefore, to understand the magnetic properties of CrSbS3, we investigated the relationship 

between the magnetic Cr3+ within one double-rutile chain, namely, a single spin ladder. Compared 

to CrSbSe3, CrSbS3 has significantly shorter Cr–Cr distances both along the rutile chain (leg 

direction) and across the rutile chain (rug direction) while having similar Cr–chalcogen–Cr bond 

angles. Such changes are crucial because the magnetic ordering in the quasi-1D units is mediated 

by two processes: direct exchange through t2g orbitals on Cr3+, which is AFM and sensitive to Cr–

Cr distances, and the Cr–chalcogen–Cr superexchange, which is FM and sensitive to the Cr–

chalcogen–Cr bond angles, according to the Goodenough-Kanamori-Anderson rule. More 

importantly, the critical Cr–Cr distance below which AFM direct exchange prevails over FM 

superexchange has been found to be around 3.6 Å,12 and the intra-rutile-chain and inter-rutile-

chain Cr–Cr distances in CrSbS3 lie on two sides of this critical distance. As a result, we expect 

AFM coupling across the single rutile chains and an FM coupling along the single rutile chains, 

which gives an overall AFM ground state of CrSbS3.  

To verify this hypothesis, we performed time-of-flight (TOF) powder neutron diffraction 

to establish the magnetic structure of bulk CrSbS3. The TOF neutron diffraction patterns at 300 K 

and 11 K, across the ordering temperature of CrSbS3, show significant differences in peak 

intensities, especially at the high TOF region, suggesting the magnetic contributions to the neutron 

patterns in bulk CrSbS3 at 11 K. All the magnetic reflections can be indexed on the room-

temperature nuclear unit cell with a magnetic propagation vector k = (0,0,0). Rietveld refinement 

of these patterns revealed an overall AFM order with magnetic space group Pnm¢a (No. 62.444). 

This magnetic structure consists of FM coupling along each rutile chain and AFM coupling across 

the rutile chains, agreeing well with our hypothesis based on structural analysis. There is no 

obvious broadening of the magnetic peaks at 11 K, indicative of a long-range AFM order. 

Therefore, CrSbS3 can be viewed as a quasi-1D zigzag spin-ladder system, with FM coupling 

along the leg and AFM coupling along the rug. The absence of the magnetic (100) peak suggests 

the perfect alignment of all spin moments on Cr3+ along the a axis without spin canting, indicative 

of the magneto-crystalline anisotropy in CrSbS3 and justifies the magnetic ordering therein. The 

refined moment on Cr ions is 2.66(3) µB/Cr, consistent with the ground spin state of Cr3+ (S = 3/2).  
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Figure 3.2. Structural relationship between Cr3+ and the magnetic structure of the 

CrSbS3 lattice. a) Comparison of the Cr3+ connections between CrSbSe3 and CrSbS3. b) 

A schematic view of the competition between direct exchange and super-exchange. c) 

Upper panel: Comparison of the neutron diffraction profiles at 11 K (ordered state) and 

300 K (paramagnetic state) in the absence of an external magnetic field (up). Lower 

panel: the final observed (red dots), fitted (black curve) and difference (blue curve) 

powder neutron diffractograms of bulk CrSbS3 (bottom). Several zone axes of interest are 

labeled with their respective Miller indices. d) The refined magnetic structure of CrSbS3 

derived from the powder neutron diffraction profile in comparison to that of CrSbSe3. 
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This refined moment, together with the XPS data (Figure 3.3), reveal that the change of magnetic 

ground state from CrSbSe3 to CrSbS3 is not induced by the change of electron density on Cr but 

by structural alteration of the spin-ladder unit, further suggesting the potential of engineering the 

magnetic states by systematic structural modification in such quasi-1D magnetic lattices.  

3.3.3 Magnetic Properties of CrSbS3 

After establishing the magnetic ground state of CrSbS3, we then studied the magnetic 

transition of CrSbS3 in response to temperature and field. The temperature-dependent heat capacity 

of polycrystalline CrSbS3 under no external magnetic field shows a distinct λ-type anomaly at 85 

K, indicating the onset of long-range magnetic ordering at 85 K (Figure 3.4a). The magnetic 

susceptibility of polycrystalline CrSbS3 was measured at two different fields over a temperature 

range of 1.8 K – 300 K. From 120 K to 300 K, both the χ–T curves under 1 kOe and 10 kOe exhibit 

a Curie-Weiss behavior with a Curie-Weiss constant of +52 K (Figure 3.4b). The positive Curie-

Weiss constant suggests an external-field-induced FM correlation above the ordering temperature 

despite the AFM ground state under zero field. Approaching lower temperatures, the susceptibility 

under 1 kOe increases sharply at ~ 110 K, while this sharp increase of susceptibility disappears 

with stronger applied field (10 kOe) (Figure 3.4b). Such behaviors point to the presence of short-

range FM correlations in paramagnetic (PM) matrix. At high external field (10 kOe), the 

magnetization of the PM matrix in response to the high field prevails over the magnetization of 

Figure 3.3. Fitting of the Cr 2p X-ray photoelectron spectroscopy (XPS) data of CrSbS3 

 



 78 

the FM clusters, and consequently, no sharp increase of susceptibility is observed, even when FM 

cluster start to appear. However, at lower field (1 kOe), the magnetization from the PM matrix 

decreases by roughly 10-fold with the external field, and the FM clusters dominates the 

magnetization response. Therefore, a sharp transition at ~110 K, corresponding to the turning on 

of FM short range ordering, is observed in the χ–T. curve. Similar behaviors have been observed 

in various magnetic systems with short range FM clusters, such as the Griffith phases.20-22 Moving 

further to lower temperatures, an onset of a decreasing susceptibility was observed at ~ 85 K, 

which, together with the heat capacity measurement, suggests the emergence of long-range AFM 

ordering at 85 K. The observed plateau of χ–T curves below the phase transition temperature 85 

K can be attributed to the frozen canted spins or short-range FM clusters, which have higher 

magnetic moments and mask the lower moments from AFM couplings.23-25 The formation of these 

Figure 3.4. Phase transition and magnetic properties of polycrystalline CrSbS3. a) 

Heat capacity curve of CrSbS3 under no external field. b) Temperature dependence of the 

field-cooled (FC) and zero field-cooled (ZFC) molar magnetic susceptibility of CrSbS3 

under an applied field of 1 kOe and 10 kOe. The dashed lines correspond to the Curie-

Weiss fits of the temperature-dependent inverse susceptibilities under 1 kOe. c) The M-

H data of CrSbS3 under different temperatures with a zoom-in view of the M-H data at 2 

K. 



 79 

canted spins and FM are sensitive to the material measurement history and external field. As a 

result, different bifurcation behaviors between the zero-field-cooled (ZFC) and field-cooled (FC) 

susceptibilities are observed under different external fields (Figure 3.4b). During the cooling 

process, the application of an external field affects the degree of spin canting and leads to different 

ordering states at low temperatures. When the sample is warmed up under 1 kOe, this external 

field is not strong enough to alter the frozen magnetic state, so the difference between ZFC and 

FC states can be observed. However, an external field of 10 kOe is strong enough to re-arrange 

the canted spins at low temperatures, thereby diminishing the pre-existing differences between the 

ZFC state and FC state. As a result, no bifurcation is observed between ZFC and FC χ–T curves 

under 10 kOe. 23, 26-27 

To further study the formation of FM correlations in CrSbS3 under various fields and 

temperatures, we measured the isothermal magnetization as a function of magnetic field up to 8 T 

at several temperatures (Figure 3.4c). At 2 K, the magnetization shows a linear-shape increase 

with increasing field, indicative of an overall AFM ground state (Figure 3.4c, right). However, an 

abrupt increase at low fields (< 1000 Oe) and the wasp-waist hysteresis loops at higher fields 

suggest the existence of local FM coupling or canted spins and the onset of metamagnetic 

transitions at higher fields. Similar field dependences and metamagnetic transition can be observed 

up to 85 K, while at 100 K, the M-H curve becomes almost linear with a higher slope (i.e., 

susceptibility). This further confirms the onset of AFM coupling below 85 K, the existence of FM 

clusters between 85 K and 120 K, and the metamagnetic nature of the magnetic transition at 85 K. 

3.3.4 Spin-Phonon Coupling in CrSbS3 

Such a strong correlation between the magnetic properties of CrSbS3 and external stimuli 

(e.g., field, temperature) and the potential strain-tunable magnetism theoretically predicted for 

CrSbS313 motivated us to further investigate the interplay between the metamagnetic transition and 

lattice vibrations (phonons) of CrSbS3. Encouragingly, a strong coupling between phonon 

dynamics and magnetic ordering has been observed in many 2D AFM phases, leading to a myriad 

of applications ranging from spintronic devices to quantum information technologies. However, 

spin-phonon coupling has not been directly demonstrated in quasi-1D vdW antiferromagnets. Such 

studies are crucial for understanding the magneto-elastic effects and the heat dissipation in quasi-
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1D vdW antiferromagnets and developing functional devices based on them such as mechanical 

sensors. In addition, a demonstrative study of the spin-phonon coupling in bulk CrSbS3 single 

crystal can provide a spectroscopic tool to elucidate the magnetic transitions of CrSbS3. This is 

extremely meaningful for antiferromagnetic materials due to their low magnetization, especially 

at the nanoscale.  

For this purpose, we collected high-resolution Raman spectra from 5 K to 295 K to 

understand the influence of magnetic ordering on lattice vibrational energies. We first probed the 

vibrational modes and assigned their symmetries by polarized room-temperature Raman 

spectroscopy (see 3.5.5 for detailed analysis). Then we measured the Raman spectra well above 

Figure 3.5. Temperature-dependent Raman spectra and the spin-phonon coupling 

of CrSbS3. a) Temperature-dependent Raman spectra of CrSbS3 measured in the 

temperature range of 5 K to 295 K. b) Temperature dependence of phonon frequency 

shifts with the Bg mode on the left and the Ag modes on the right. The number on each 

panel corresponds to the peak number in a). c) The phonon energy splitting of a Raman 

peak under the ordering temperature. 
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and below the magnetic transition temperature 85 K (Figure 3.5a) and extracted the mode 

frequencies (i.e., phonon energies) at different temperatures by fitting the Raman spectra (Figure 

3.5b). The energies of the resolved Raman modes increase gradually with decreasing temperature 

because the anharmonic phonon-phonon interaction is suppressed at lower temperatures, which 

typically leads to the hardening of a mode.28-29 However, on top of this background, we also 

observed a significant discontinuity in the phonon energy changes as the temperature approaches 

TC (Figure 3.5b). Such a sudden change of phonon energy upon cooling to TC is evidence of spin-

phonon coupling.30-31 Another evidence comes from the emergence of an additional mode near TC 

(Figure 3.5c). Although the exact temperature at which this splitting occurs is difficult to 

determine precisely due to our spectral resolution, the splitting clearly grows as the temperature is 

lowered, when the magnetic ordering sets in. This is frequently observed in 3D or 2D magnets 

when the lifting of time-reversal symmetry upon magnetic ordering leads to the splitting of the 

phonon modes.30-31  We want to note that structural transitions induced by magnetic ordering may 

also trigger discontinuous changes of Raman modes at TC, but this is not likely in our case because 

neutron diffraction studies in both the paramagnetic (300 K) and the magnetically ordered phases 

(11 K) showed no significant differences in the structure (Table 3.2, Table 3.3). A significant 

structural transition at TC can be further ruled out by the absence of additional phonons or major 

changes in the spectral symmetries with decreasing temperature. Therefore, these discontinuous 

changes in phonon energies and the split of a phonon mode at 85 K can be attributed to the spin-

phonon coupling in CrSbS3, which allows for the study of magnetism in CrSbS3 from the 

perspective of phonon behaviors using Raman spectroscopy.  

 

3.3.5 Mechanical Exfoliation of CrSbS3 
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Owing to the vdW gaps between the CrSbS3 chain units, single crystals of CrSbS3 can be 

easily exfoliated by scotch tape into nanowires with uniform morphologies and high aspect ratios. 

A representative nanowire resulting from such exfoliation measures 20 μm long with a cross-

section of 58 nm and has uniform morphology and smooth surface (Figure 3.6), similar to the 

exfoliated nanowires of CrSbSe3. The successful exfoliation of CrSbS3 not only demonstrates the 

structural uniqueness of this quasi-1D vdW magnet but also shows the prospect of CrSbS3 for 

nano-scale applications such as antiferromagnet racetrack memories.  

3.4 Conclusions 

In summary, we, for the first time, demonstrated the zero-field magnetic structure of 

CrSbS3 and unequivocally proved its antiferromagnetic ground state. By carefully studying its 

structure, we attributed such antiferromagnetic couplings to the short inter-rutile chain Cr3+– Cr3+ 

distances and, thus, the dominant antiferromagnetic Cr3+–Cr3+ direct exchange interactions. 

CrSbS3 exhibits long-range antiferromagnetic ordering below the phase transition temperature of 

85 K. At the same time, external magnetic field can generate canted spins or short-range 

ferromagnetic correlations and disturb the long-range ordering. Such sensitivity to external field 

Figure 3.6. A mechanically exfoliated nanowire of CrSbS3. a) Representative SEM 

micrograph of the mechanically exfoliated CrSbS3 nanowire on 300 nm SiO2/Si. b) AFM 

image of a single CrSbS3 nanowire with the corresponding line profile and 3D 

topographical view. 
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also leads to a metamagnetic transition under external field or at higher temperatures. The magnetic 

transition of CrSbS3 is closely related to its lattice vibration energies, suggesting a strong spin-

phonon coupling therein. These results collectively demonstrate the potential of CrSbS3 as a 

promising platform to study spin ladder phases with AFM ordering, their multiferroic applications, 

and their magnetism at the nanoscale. 

 

3.5 Methods 

3.5.1 Synthesis of CrSbS3 

Single crystals of CrSbS3, used in Raman spectroscopy and mechanical exfoliation, were 

grown via a modified high temperature flux method. Elemental Cr, Sb, and S were mixed in a 

molar ratio of Cr:Sb:S = 7:33:60. Excess Sb and Se were used as flux, and the mixture was sealed 

into fused quartz tubes under a pressure of ~ 50 mTorr. The sealed ampoule was first ramped to 

550 °C over 3 hours, kept at 550 °C for 6 hours, then ramped to 800 °C over 2 hours, and kept at 

this temperature for 10 hours. The mixture was then cooled down to 660 °C slowly over 5 days 

and subsequently centrifuged at this temperature to remove the flux. The small amount of flux 

remaining on the surface of the crystals was removed by keeping the as-grown crystals at 500 °C 

for 3 days in a sealed fused quartz ampoule while leaving the cold end of the ampoule at room 

temperature. Polycrystalline powders of CrSbS3, used for time-of-flight (TOF) powder neutron 

diffraction, magnetometry, and X-ray photoelectron spectroscopy (XPS), were synthesized via a 

typical solid-state melt reaction. Starting elements were finely ground, mixed in stoichiometric 

ratio, and sealed into fused quartz tube under ~50 mTorr. Ampoules were heated to 800 °C over 3 

hours and kept at this temperature for 2 days, followed by cooling to room temperature slowly 

over 5 days. The preparation and handling of all reagents was done under ambient conditions. 

Chromium (Sigma-Aldrich, 99.5%), antimony (STREM Chemicals, 99.5%), and sulfur (Sigma-

Aldrich, 99.98%) were purchased and used without further purification. 
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3.5.2 Mechanical Exfoliation of CrSbS3 Single Crystals 

A piece of CrSbS3 single crystal was first put on a piece of Scotch tape. The tape was then 

fold and unfold three times, with the crystal being cleaved for each cycle of folding and unfolding. 

Then the remaining exfoliated fibers were transferred onto a 300nm SiO2/Si substrate for 

subsequent characterizations.  

3.5.3 Characterization Methods 

Single crystal X-ray diffraction (SXRD) data of CrSbS3 was collected on sizeable 

micron-sized crystals using a Bruker D8 diffractometer which is coupled to a Bruker APEX-II 

CCD detector and a Mo Kα radiation (λ = 0.71073 Å), performing f- and w-scans. The refinement 

of the structure was performed using direct methods in the SHELX package and refined against 

F2 on all data by full-matrix least squares with SHELXL-13.32  

The time-of-flight (TOF) powder neutron diffraction data were collected on 

polycrystalline samples loaded into thin-walled vanadium cans, on the TOF powder diffractometer 

POWGEN at the Spallation Neutron Source, Oak Ridge National Laboratory. Structural and 

magnetic refinements were performed using the FullProf package.33 The symmetry-allowed 

magnetic structures were derived using SARAH representational analysis program.34 

Magnetometry and heat capacity measurements were performed on powders using a 

Quantum Design Physical Property Measurement System (PPMS) Dynacool, equipped with a 

vibrating sample magnetometer (VSM) and a heat capacity option.  

The polarized and unpolarized Raman spectra were collected on a homebulilt Raman 

spectrometer with a 40X long working distance objective, 488 nm excitation line, and 1200 gr/mm 

grating with a spot size of ~3 µm.  

The X-ray photoelectron spectra (XPS) were collected using a Thermo Nexsa X-ray 

photoelectron spectrometer with a monochromated Al X-ray source.  

Scanning electron microscopy (SEM) micrographs were acquired using a Zeiss Field 

Emission SEM Ultra55.  
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Atomic force microscopy (AFM) images were acquired on a Cypher Atomic Force 

Microscope from Asylum Research using silicon probing tips with mid-range mechanical 

properties (f = 300 kHz, k = 26 N/m) from Oxford Instruments. The scan rates are 0.5-2 Hz 

depending on the scan size.  

3.5.4 Details of the Crystal Structure and Magnetic Structure of 

Bulk CrSbS3 

Table 3.1. Details of the structure determination of CrSbS3 based on single-crystal experiments 

measured at 300 K 

Sum Formula CrSbSe3 

Radiation λ (Mo-Kα = 0.71073 Å) 

Index ranges 
-16 ≤ h ≤ 16, -6 ≤ k ≤6, -24 ≤ l 

≤ 23 

Absorption coefficient /mm-1 10.749 

Measured reflections 16901 

Independent reflections 1565 

No. of parameters 31 

Goodness-of-fit on F2 1.025 

Final R indices [I > 2σ (I)] 0.0187 

R(int) 0.0387 

R(σ) 0.0199 

R indices (all data) 0.0253 

ωR2 (all data) 0.0437 

Largest diff. peak and hole (e-/ Å3) 0.901 to -1.192 
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Table 3.2. Selected crystallographic data of CrSbS3 derived from single-crystal X-ray diffraction 

(SXRD) measured at 298 K, time-of-flight powder neutron diffraction (TOF PND) measured at 

300 K and 10 K.  

 SXRD at 298 K TOF PND at 300 K TOF PND at 11 K 

Crystal System Orthorhombic Orthorhombic Orthorhombic 

Space group P n m a P n m a P n m a 

    Lattice parameter (Å)   

a 8.6451(4) 8.663032 8.560544 

b 3.61830(10) 3.617531 3.616786 

c 12.8431(6) 12.869816 12.920414 

Cell volume (Å3) 401.74(3) 403.32442 400.0374 

 

Table 3.3. Atomic coordinates for CrSbS3 derived from SXRD at 298 K, TOF PND measured at 

300 K and 10 K.  

 SXRD at 298 K 

Atom x y z 

Cr 0.345871 0.250000 0.454653 

Sb 0.025488 0.750000 0.339178 

S (1) 0.496720 0.250000 0.608139 

S (2) 0.212893 0.250000 0.288451 

S (3) 0.171256 0.250000 0.510770 
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 TOF PND at 300 K 

Atom x y z 

Cr 0.15431 0.25000 0.04556 

Sb 0.02553 0.25000 0.66088 

S (1) 0.17108 0.25000 0.48938 

S (2) 0.28678 0.25000 0.21124 

S (3) 0.50185 0.25000 0.60673 

TOF PND at 10 K 

x y z 

0.15123 0.25000 0.04570 

0.02435 0.25000 0.65987 

0.17232 0.25000 0.49012 

0.28671 0.25000 0.21027 

0.50487 0.25000 0.60957 

Figure 3.7. Powder X-ray diffraction patterns of as-synthesized CrSbS3 and the 

theoretical patterns calculated from CrSbS3 single crystal structure. 
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3.5.5 Symmetry Analysis of Bulk CrSbS3 Single Crystal for Raman 

Spectroscopy  

We performed polarized Raman measurements in the backscattering geometry in order to 

probe the phonon modes in the CrSbSe3 lattice. In these measurements, we performed (0o) co- and 

(90o) cross-polarized scattering measurements where the long axis of the crystal is parallel to the 

laser polarization. We used the standardized unit cell axes (aàa, bàc, càb), mainly assigning 

the high-symmetry principal axis from b to c, instead of the experimental single crystal unit cell 

for coherence and consistency with the group theory analyses. This measurement setup 

corresponds to the –X(ZZ)X and –X(YZ)X Porto notations for the co- and cross-polarized 

measurements. Since we are doing only the crystal axes perpendicular to the crystal long axis, in 

this case, X and Y are interchangeable. This won’t affect any of the subsequent selection rules due 

to the nature of the symmetry. Similar to other orthorhombic crystals that are comprised of isolated 

chains, with the same Pnma space group symmetry,35 we adopted the simplified C2h point group 

instead of the D2h point group. By doing this, we simplify and reduce the Raman-active modes 

from 30 modes (2Ag + B1g + 2B2g + B3g for 5 atoms occupying the 4c site) to 15 modes in total 

(2Ag + B1g for 5 atoms occupying the 4c site). In these modes, B1g and Ag modes correspond to the 

vibrations parallel and perpendicular to the crystal’s long axis. We experimentally observe 10 

major peak modes of these 15 expected modes. Upon performing co-polarized measurements, we 

observe the persistence of only five peaks. These vibrational modes should therefore correspond 

to the Ag (vibrations perpendicular to the chain direction) symmetry based on Raman polarization 

selection rules. On the other hand, in the cross-polarized spectra, we observe the persistence of 
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only five peaks. These vibrational modes should therefore correspond to the B1g (vibrations 

parallel to the chain direction) symmetry. 

  

Figure 3.8. Unpolarized, co-polarized, and cross-polarized backscattered Raman spectra 

of CrSbSe3 single crystal with the symmetry assigned. (Ag: vibrations parallel to the wire 

direction; Bg: vibrations perpendicular to the wire direction) 
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Chapter 4 

Two Series of Quasi-One-Dimensional van der Waals 

Magnetic Lattices with Finely Tuned Magnetic 

Anisotropy 

4.1 Abstract 

As a consequence of the Mermin-Wagner theorem, a strong magnetic anisotropy is 

necessary for low-dimensional magnets to display robust long-range magnetic ordering. Despite 

the diverse set of methods that have been developed to enhance the magnetic anisotropy of two-

dimensional (2D) van der Waals (vdW) magnets, there have been no such methodologies applied 

to quasi-one-dimensional (quasi-1D) vdW magnets. Here, we use the ferromagnetic (FM) CrSbSe3 

and antiferromagnetic (AFM) CrSbS3 as representative examples to demonstrate an efficient 

strategy of tuning magnetic anisotropy in quasi-1D vdW magnets. By partial substitution of Sb by 

Bi in these phases, we synthesized two series of solid solutions CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 

0.4, 0.5) (Series 1) and CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) (Series 2). While these Bi-

alloyed phases maintain the same structure and magnetic ordering as their parent phases, we 

observe a significant enhancement of magnetic anisotropy with increasing Bi content, as 

manifested in the increasing coercivity of CrSb1-xBixSe3 and the characteristic spin-flip transitions 

in CrSb1-xBixS3. These phases have significantly expanded the library of quasi-1D vdW magnets 

and diversified the magnetic properties exhibited by quasi-1D vdW materials, which are crucial 

for the systematic investigation of the magnetism within these materials and the realization of 

quasi-1D magnetic phases with desired magnetic behaviors for technological applications. 
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4.2 Introduction 

Magnetic anisotropy (MA) often plays a central role in various static and dynamic 

properties of low-dimensional materials. In particular, for two-dimensional (2D) or quasi-one-

dimensional (quasi-1D) van der Waals (vdW) magnetic phases, as inferred from the Mermin-

Wagner theorem, strong MA is an indispensable prerequisite for magnetic ordering and is crucial 

for the performance of functional nanodevices based on these materials.1 Recently, strategies to 

enhance the magnetic anisotropy of 2D vdW magnets have opened a vast field of possibilities for 

new physical phenomena and applications such as spintronics and sensors.2-4 However, such 

strategies remain rarely explored for quasi-1D vdW magnets, for which enhancing MA is even 

more critical due to their even lower dimensionality and the much stronger spin fluctuations therein.  

Two quasi-1D vdW magnets, the ferromagnetic (FM) CrSbSe34-6 and antiferromagnetic 

(AFM) CrSbS3, provide a promising platform to explore methods for systematically tuning the 

MA in quasi-1D vdW magnets with distinct magnetic ground states. Both CrSbSe3 and CrSbS3 

exhibit MA, evidenced by the uncanted alignment of Ising-type spins along the crystallographic a 

aixs in their zero-field magnetic ground states, which enables their robust long-range magnetic 

ordering. However, their magnetic anisotropy is weak.5 CrSbSe3 displays very low coercivity and 

remanence despite an FM ground state. In CrSbS3, a weak external field can easily create FM 

correlations or trigger a spin-flop transition, despite the AFM ground state of CrSbS3 under zero 

field. Such low magnetic anisotropy energies together with the contrasted types of magnetic 

couplings in these two phases offer great opportunity for us to explore the strategy to enhance the 

MA of quasi-1D vdW phases without disturbing their original type magnetic ordering, no matter 

it is ferromagnetic or antiferromagnetic.  

There are two key factors that affect MA: the single-ion anisotropy of Cr3+ and the 

exchange anisotropy of Cr–Ch–Cr superexchange (Ch = S, Se). In an ideal octahedral crystal field, 

Cr3+ (t2g3 configuration with a 4A2g ground state) has no orbital angular momentum, so is unlikely 

to be the major source of MA in these materials.7 In addition, altering the single-ion anisotropy of 

Cr3+ herein is unrealistic without significantly changing the structure or magnetic ground state. As 

a result, we chose to modify the anisotropy of superexchange interactions. Because direct 

modification to the superexchange bridge (changing from S to Se) dramatically switches the type 
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of magnetic ordering (from AFM to FM) (see Chapter 3 for details), we hypothesized that partial 

substitution of the Sb sites with another pnictogen would affect the exchange anisotropy without 

disturbing the magnetic ordering or 1D structural nature. Although the Sb site does not directly 

participate in the superexchange coupling, the composition here determines the covalency of the 

pnicogen–chalcogen bonds and the energies of the chalcogen p orbitals, which are crucial for the 

charge transfer between Cr and chalcogen, and thus the superexchange interactions.8 In addition, 

the orbital moments on pnictogen still contribute to the overall spin-orbital coupling, therefore 

affecting MA.7, 9-11 Such effects have been observed in various systems, especially 2D vdW 

magnets such as Cr2Si2Te6, Cr2Ge2Te6,8 MnBi2Se4, and MnSb2Se4.9 With this in mind, we chose 

to enhance the MA in quasi-1D vdW magnets CrSbSe3 and CrSbS3 without altering their magnetic 

ground states by systematically alloying heavier Bi atoms into the Sb sites. 

Herein, we report the synthesis, structures, and magnetic properties of CrSb1-xBixSe3 (x = 

0, 0.1, 0.2, 0.3, 0.4, 0.5) (Series 1) and CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) (Series 2). 

We found that although the unit cells are slightly altered, both series inherit the quasi-1D structural 

nature from and remain isostructural with their unalloyed parent phases, indicating a great lattice 

tolerance of CrSbSe3 and CrSbS3 for heavy atom alloying. Furthermore, all Series 1 phases exhibit 

FM ground state and all Series 2 phases exhibit AFM ground state, suggesting the persistence of 

magnetic ground states (i.e., type of magnetic ordering) in these phases in response to Bi alloying. 

Despite the minimally altered structures and ground states, Bi alloying drastically enhances the 

MA of these phases and changes magnetic behaviors. For example, CrSb0.5Bi0.5Se3 is a 

ferromagnet with a 10-fold enhanced coercivity compared to CrSbSe3, and CrSb0.4Bi0.6S3 is an 

antiferromagnet with characteristic spin-flip transitions rather than the spin-flop transitions in 

CrSbS3. These results not only significantly expand the library of quasi 1D vdW magnets and 

diversifies their magnetic properties, but also are the signature of efficient control over the MA in 

quasi-1D vdW magnets while maintaining the structures and magnetic ground states. 
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4.3. Results and Discussions 

4.3.1 Compositions and Structures.  

4.3.1.1 Parent Compounds CrSbSe3 and CrSbS3 

The parent compounds CrSbSe3 and CrSbS3 are isostructural, crystallizing in the 

orthorhombic Pnma space group, and feature 1D units that propagate down the b axis separated 

by large vdW gaps (Figure 4.1a). Each 1D unit is a double-rutile chain of covalently bonded atoms 

where the magnetic ions (Cr3+) are in the center of the two columns of edge-sharing octahedra. 

The Sb atoms bind three chalcogenides (S or Se) in a trigonal pyramidal geometry and form the 

edge of the double-rutile chains (Figure 4.1b). The magnetic behaviors of CrSbSe3 and CrSbS3 

are dominated by the magnetic exchange interactions within each quas-1D unit while the inter-unit 

interactions are weak. The intra-unit interactions are determined by the competition between the 

AFM Cr–Cr direct exchange and the FM Cr–Ch–Cr (Ch = S, Se) superexchange couplings. For 

CrSbSe3, the Cr–Cr distances along and across rutile chains within each 1D unit are too long for 

efficient direct exchange, therefore the FM superexchange coupling gives an FM ground state.5, 12 

For CrSbS3, the Cr–S–Cr angle of 94° still gives rise to FM superexchange couplings along the 

Figure 4.1. Structure and coordination schemes of CrSb1-xBixSe3 and CrSb1-xBixS3. 

a) Schematic representation of the crystal structure of CrSb1-xBixSe3and CrSb1-xBixS3 

with labeled unit cell (black square). b) Structure of one quasi-1D unit with labeled Sb/Bi 

sites. 
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rutile chains. However, the noticeably shorter Cr–Cr distance across rutile chains enhances an 

AFM direct exchange and wins over the FM superexchange; therefore, the net ground state of 

CrSbS3 is AFM. These two quasi 1D compounds, isostructural while with distinct magnetic ground 

states, offer us unique opportunities to explore general strategies to systematically tune the 

magnetic anisotropy in quasi-1D vdW magnets.  

4.3.1.2 Alloying Bi into Sb Sites in CrSbSe3 (Series 1).  

Polycrystalline powders of CrSb1-xBixSe3 (x = 0.1, 0.2, 0.3, 0.4, 0.5) were easily obtained 

from solid-state reaction of every element in the desired ratio (see 4.5.1 for synthesis details). The 

single-phase nature of the synthesized phases was first confirmed by comparing the laboratory 

powder X-ray diffraction (PXRD) patterns of various compositions with the theoretical PXRD 

pattern calculated from the CrSbSe3 single crystal structure (Figure 4.2). The strong agreement 

between these patterns with the expected systematic peak shifts due to the bigger radius of Bi atom 

suggests that the synthesized CrSb1-xBixSe3 phases are isostructural up to x = 0.5. To further 

corroborate this similarity, high-quality single crystals of CrSb0.9Bi0.1Se3 and CrSb0.8Bi0.2Se3 were 

obtained by annealing the polycrystal powders. The refined crystal structures of these two Bi-

alloyed phases are confirmed to be isostructural with the unalloyed CrSbSe3. In addition, the 

excellent match between their experimental PXRD patterns and the patterns calculated from their 

refined single-crystal structures further confirmed the purity of these two alloys (Figure 4.3). The 

absence of extra peak splitting or shifting in X-ray photoelectron spectroscopy (XPS) of all Series 

1 phases as x increases also confirm the successful isomorphic substitution of Sb by Bi and the 

homogeneity of the resulting polycrystalline powders (Figure 4.4a). After establishing the phase 

purity, we then checked the composition of each phase via scanning electron microscopy (SEM) 

built with electron dispersive spectroscopy (EDS) elemental analysis. Due to the small deviation 

between the actual and the loading compositions (see 4.5.3 for details), we use the loading x value 

to represent each phase in the following discussions.  
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Figure 4.2. PXRD patterns of CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) (Series 1) 

phases (left) and a zoom-in view of the systematic PXRD peak shifts (right).  

 

Figure 4.3. a) Experimental PXRD pattern of and the theoretical PXRD patterns 

calculated from CrSb0.9Bi0.1Se3. b) Experimental PXRD pattern of and the theoretical 

PXRD patterns calculated from CrSb0.8Bi0.2Se3.  
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To probe the structural evolution with increasing Bi content, we performed Pawley 

refinements on the high-resolution laboratory PXRD patterns of CrSb1-xBixSe3 with x = 0 – 0.5 

and obtained the single-crystal structures of CrSb1-xBixSe3 with x = 0 – 0.2 by single crystal X-ray 

diffraction (SXRD) (See 4.5.4 for details). The lattice parameters a and c derived from Pawley 

refinements differ from the values derived from SXRD by less than 0.007 and 0.08 Å, respectively, 

which are within acceptable refinement error. Despite such differences, both the Pawley and 

SXRD refinements reveal similar trends of the variations in the unit cell parameters with different 

x values.  As x increases from 0 to 0.5, the b axis expands ~0.8%, and the c axis expands ~0.3%. 

In contrast, the a axis exhibits a trend of contraction. The anisotropic change of unit cell 

dimensions is probably caused by the different nearest pnictogen-pnictogen and pnicotogen-

chalcogen distances along a, b, and c axis (See 4.5.5 for details). However, the structural changes 

are not significant despite the large size differences between Sb3+ (76 pm) and Bi3+ (103 pm), 

suggesting the lattice flexibility of quasi-1D vdW phases in response to bigger-atom-alloying. 

Comparison between single-crystal structures of CrSbSe3, CrSb0.9Bi0.1Se3, and CrSb0.8Bi0.2Se3 

shows a slight increase of intra-rutile Cr–Cr distances by 0.0053 Å, a slight increase of inter-rutile 

Cr–Cr distances by 0.0133 Å, and negligible increases of Cr–Se–Cr superexchange angles by less 

than 0.4° (Table 4.7). However, the changes are quite small and unlikely to alter the type or 

strength of magnetic couplings significantly.  

The XPS spectra for Bi 5d and Sb 3d shell electrons for the compositions with x = 0.1 – 

0.5 indicate Bi peak at 24.9 eV (5d5/2) 28.0 eV (5d3/2) and Sb peak at 529.1 eV (3d5/2) and 583.4 

eV (3d3/2) (Figure 4.4a), which are consistent with Bi3+ in Bi2Se3 and Sb3+ in Sb2Se3, 

respectively.13-14 In addition, the XPS spectra for all CrSb1-xBixSe3 samples show the Cr peak at 

575.1 eV (2p3/2) and 584.2 eV (2p1/2), in consistent with Cr in Cr2Se3.15 This implies that Cr 

maintains its +3 oxidation state in Series 1 compounds.  
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Figure 4.4. Structural evolution of CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) (Series 

1). a) XPS of Cr 2p, Bi 5d, and Sb 3d shell electrons for Series 1 phases. b) Variation 

of the lattice parameters as a function of Bi content, obtained through the refinement of 

single-crystal X-ray diffraction (SXRD) data (red traces) and the Pawley refinement of 

high-resolution PXRD patterns with LaB6 as internal standard (black traces) 
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4.3.1.3 Alloying Bi into Sb Sites in CrSbS3 (Series 2).  

Polycrystalline powders of CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) were grown from 

solid-state reaction of all elements in the desired ratio (see 4.5.1 for synthesis details). Similar to 

CrSb1-xBixSe3, the laboratory PXRD patterns of the CrSb1-xBixS3 exhibit an excellent match with 

the calculated PXRD pattern of their parent compound CrSbS3, together with systematic peak 

shifts. According to this, the synthesized CrSb1-xBixS3 phases are isostructural up to x = 0.6 despite 

systematic unit cell alterations, further suggesting the structural tolerance to Bi-alloying of these 

quasi-1D vdW phases. The absence of extra peak splitting or shifting in XPS as x increases also 

confirms the successful isomorphic substitution of Sb by Bi and the high homogeneity of the 

resulting polycrystalline powders. Unlike CrSb1-xBixSe3, no single crystals of the Bi alloyed 

CrSbS3 have been obtained and the subsequent Rietveld refinements based on the synchrotron 

PXRD of these Series 2 compounds reveal the presence of less than 5% of binary impurities Sb2-

xBixS3 (Table 4.6). Such an increased synthetic difficulty of CrSb1-xBixS3 compared to CrSb1-

xBixSe3 is probably due to the larger size difference between Bi3+ and S2- and the stronger strain 

induced by Bi in CrSbS3. The compositions of these Series 2 compounds were determined by EDS 

elemental analysis built with SEM imaging tool. Due to the small deviation between the actual and 

the loading compositions (see 4.5.3 for details), we use the loading x value to represent each phase 

in the following discussions.  

To probe the structural evolution with increasing Bi content, we performed Rietveld refinements 

on the synchrotron diffraction patterns of CrSb1-xBixS3 with x = 0 – 0.6 (see 4.5.4 for refinement 

details).  As shown in Figure 4.5b, as x increases from 0 to 0.6, the b axis expands ~1.0% and the 

c axis expands ~0.4% while the a axis contracts ~0.3%. The anisotropic change of unit cell 

dimensions is probably due to similar reasons as CrSb1-xBixSe3. Also similar to CrSb1-xBixSe3, the 

structural changes are not significant due to the structural versatility of quasi-1D vdW phases. 

Comparison between the refined structures of CrSb1-xBixS3 reveals a monotonically elongated 

intra-rutile chain Cr–Cr distances by 0.03938 Å and fluctuations of inter-rutile chain Cr–Cr 

distances within 0.02229 Å (Table 4.8). Such changes are much smaller than the changes upon 

chalcogen substitution (decrease ~0.2 Å from CrSbSe3 to CrSbS3) and are unlikely to change the 

magnetic ordering type significantly.  
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Figure 4.4. PXRD patterns of CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) (Series 2) 

phases (left) and a zoom-in view of the systematic PXRD peak shifts (right). 

Figure 4.5. Structural evolution of CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

(Series 2). a) XPS of Cr 2p, Bi 5d and Sb 3d shell electrons for Series 2 phases. b) 

Variation of the lattice parameters as a function of Bi content, obtained through Rietveld 

refinement of synchrotron diffraction results. 
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The XPS spectra for Bi 5d and Sb 3d shell electrons for the compositions with x = 0.1 – 

0.6 indicate Bi peak at 25.0 eV (5d5/2) 28.1 eV (5d3/2) and Sb peak at 529.4 eV (3d5/2) and 583.7 

eV (3d3/2) (Figure 4.5a), consistent with Bi3+ in Bi2S3 and Sb3+ in Sb2S3, respectively.16-17 In 

addition, the XPS spectra for all CrSb1-xBixS3 samples show the Cr peak at 574.7 eV (2p3/2) and 

584.2 eV (2p1/2), in consistent with Cr in Cr2S3.18 This implies that Cr maintains its +3 oxidation 

state in Series 2 compounds.  

4.3.2 Magnetic Properties 

4.3.2.1 Magnetic Properties of CrSb1-xBixSe3 (Series 1) Alloys 

To assess how the substitution of Sb by Bi affects the magnetic behaviors of CrSb1-xBixSe3, 

field-cooled (FC) and zero-field-cooled (ZFC) temperature-dependent magnetic susceptibility data 

were collected under 1 kOe applied field in the temperature range from 2 K to 325 K (Figure 4.6a). 

The Curie-Weiss constants θCW, as well as the effective magnetic moments μeff of the Bi alloyed 

samples, were extracted by fitting their 1/χ–T curves with the Curie-Weiss law between 120 K and 

325 K. No significant variations of either the θCW or the μeff on Cr are observed with the increasing 

Bi contents (Figure 4.6b), consistent with the minimally altered structures and electron densities 

on Cr. The θCW values for all CrSb1-xBixSe3 phases range from +135 K to +140 K, confirming the 

dominant ferromagnetic coupling.  The μeff values for all CrSb1-xBixSe3 range from 4.1 μB/Cr to 

4.2 μB/Cr, in agreement with the spin-only value for Cr3+ (3.9 μB), This not only confirms the +3 

oxidation state of Cr but also reveals the weak orbital moments and therefore weak single-ion 

anisotropy of Cr3+ in all the CrSb1-xBixSe3 phases. A paramagnetic (PM) to FM transition is clearly 

observed for all CrSb1-xBixSe3 phases at ~ 75 K. With increasing Bi content, an increasing 

discrepancy between FC and ZFC curves was observed at low temperatures (Figure 4.6a), which 

suggests the increased irreversibility of the magnetization process and thus the enhanced magnetic 

anisotropy. These results collectively indicate the enhanced magnetic anisotropy on top of the 

same magnetic ordering type in all CrSb1-xBixSe3 phases.  
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The FM ground state and enhanced magnetic anisotropy of CrSb1-xBixSe3 samples were 

further confirmed by isothermal magnetization measurements at 2 K. The M-H curves for all 

samples display a characteristic S-shape hysteresis loop and are nearly saturated to 2.8 μB/Cr at 80 

kOe, indicating an FM coupling between the Cr3+ centers (Figure 4.6c). However, a significant 

increase of coercivity and remanent field was observed as Bi content increases (Figure 4.6d). For 

example, CrSb0.5Bi0.5Se3 shows a nearly 10-fold increase of coercivity and remanence compared 

to CrSbSe3, suggesting a greatly enhanced magnetic anisotropy. Such a significant influence of Bi 

alloying on the magnetic anisotropy energy of these quasi 1D vdW phases is surprising because 

the Sb/Bi site does not directly participate in either the Cr–Cr direct exchange or Cr–Se–Cr 

superexchange coupling. As a result, we attribute the source of the enhanced anisotropy to the 

enhanced superexchange anisotropy indirectly induced by Bi alloying. The substitution of Sb by 

Figure 4.6. Magnetic properties of CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) (Series 

1). a)  Temperature-dependent magnetic susceptibility curves of Series 1 phases under 

FC (left) and ZFC (right) conditions using an external field of 1000 Oe. b) Variation of 

the Curie-Weiss constant and effective moments per Cr as a function of Bi content, 

obtained by fitting the high-temperature magnetic susceptibility with Curie-Weiss law. 

c) Isothermal field-dependent magnetization of Series 1 phases at 2 K (left) with the 

zoom-in view of the hysteresis loops (right). d) Variation of coercivity and remanence as 

a function of Bi content, according to c). 
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Bi alters the covalency of the pnictogen-selenium bonds, therefore changing the energies of the p 

orbitals on Se. Such changes in turn influence the charge transfer and thus the superexchange 

coupling between Cr and Se, and consequently increase the overall superexchange magnetic 

anisotropy in the alloyed phases. This indirect effect of heavy element alloying on the 

superexchange anisotropy has been observed in many 2D magnetic systems and has been 

corroborated by theoretical calculations.8 However, this effect has rarely been explored in quasi-

1D magnetic systems. Our results here suggest Bi alloying is an effective strategy to finely tune 

the magnetic anisotropy of quasi 1D vdW magnet CrSbSe3 while minimally changing the 

structures, oxidation states, and magnetic ordering types.  

 4.3.2.2 Magnetic Properties of CrSb1-xBixS3 (Series 2) Alloys.  

The parent compound of this series, CrSbS3, has been determined to possess uncanted AFM 

ground state at zero field with field-induced FM correlations and spin-flop transitions (see details 

in Chapter 3). To probe the effect of isostructural Bi substitution on such magnetic behavior, we 

first examined the temperature dependence of magnetic susceptibility of CrSb1-xBixS3 phases under 

1 kOe (Figure 4.7a). As temperature decreases, all these phases show typical Curie-Weiss 

behavior until ~ 120 K with similar μeff values of 3.7 μB/Cr, in agreement with the spin-only value 

expected for Cr3+ (3.9 μB) (Figure 4.7b). This agreement, together with the slight variation of μeff 

with different Bi contents, suggests the unaltered +3 oxidation state of Cr upon Bi substitution and 

the weak single-ion anisotropy from Cr3+. However, the θCW increases from 57 K in CrSbS3 to 80 

K in CrSb0.4Bi0.6S3 (Figure 4.7b), suggesting a stronger FM correlation in the Bi-alloyed phases. 

This change is probably due to the slightly weakened AFM direct exchange by the increased inter-

rutile-chain distances upon Bi-alloying. A drastic rise in χ happens at around 120 K because of the 

field-induced FM correlations. With increasing x, this abrupt increase becomes sharper and greater, 

suggesting a more parallel alignment within the local FM correlations and a lower level of 

magnetic disorder, which means a stronger anisotropy of the induced FM moments. As 

temperature further decreases, χ decays drastically in both FC and ZFC curves, indicative of a 

long-range AFM ordering. The AFM ordering temperature decreases monotonically from 85 K in 

CrSbS3 to 70 K in CrSb0.4Bi0.6S3, indicative of a weaker AFM ordering in Bi-alloyed phases and 

consistent with their more positive θCW. After the drastic decay, χ reaches a plateau. The greater 

decay and smaller low-temperature value of χ upon Bi-alloying indicate a less disordered 
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antiparallel alignment spins in the AFM ground state, further suggesting stronger magnetic 

anisotropy. 

The magnetic behaviors of the Series 2 phases were further checked by isothermal 

magnetization measurement at 2 K. All phases show wasp-waist hysteresis loops without 

saturation up to 8 T (Figure 4.7c), suggesting the coexistence of strong AFM coupling and the 

field-induced canted spins (FM correlations).19 However, phases with higher Bi contents exhibit a 

greater divergence between the field-increasing and field-decreasing branches and a great area 

enclosed by the hysteresis loop, indicative of higher irreversibility of the metamagnetic transition 

and thus stronger magnetic anisotropy.20 In addition, the increase of magnetization values at 8 T 

with increasing Bi contents also confirms the more parallel spin alignments in the FM correlations 

Figure 4.7. Magnetic properties of CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) 

(Series 2). a) Temperature-dependent magnetic susceptibility curves of Series 2 phases 

under FC (left) and ZFC (right) conditions using an external field of 1000 Oe. b) 

Variation of the Curie-Weiss constant and effective moments per Cr as a function of Bi 

content, obtained by fitting the high-temperature magnetic susceptibility with Curie-

Weiss law. c) Isothermal field-dependent magnetization of Series 2 phases at 2 K. 
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induced by external field, revealing a field-induced magnetic transition more similar to spin-flip 

rather than spin-flop.20-22 

To confirm our interpretations of the magnetic behaviors of the Series 2 phases, we then 

carefully examined the magnetic transitions of the most heavily Bi-alloyed phase, CrSb0.4Bi0.6S3. 

We first measured the temperature dependence of heat capacity (Cp) for polycrystalline 

CrSb0.4Bi0.6S3. The temperature at which a λ-like anomaly is observed in the Cp data is ~ 70 K 

(Figure 4.8a), the same as the temperature in χ -T curve at which χ peaks, confirming the long-

range nature of this AFM ordering. To better see the field dependence of Cp, we plotted the 

temperature dependence of dCp/dT, which clearly shows lower transition temperature at higher 

fields (Figure 4.8a). This suggests the magnetic transition is highly related to the external field 

and is typical for field-induced metamagnetic transitions.   

We then measured isothermal magnetization curves from – 80 kOe to 80 kOe while heating 

in the vicinity of the ordering temperature 70 K (Figure 4.8b). At 2 K, the AFM ordering is 

dominant and antiparallel spins are pinned by anisotropy, so only wasp-waist hysteresis loops with 

low magnetizations are observed. As temperature increases to 10 K, an abrupt transition with 

hysteresis is observed at 70 kOe, characteristic of spin-flip metamagnetism. Therefore, what 

happens at this transition is that the magnetization of the two sublattices remains antiparallel up to 

the critical field 70 kOe, at which a sudden rotation of the spins towards the field direction results 

in FM alignments. The large coercivity of the hysteresis loops around the critical field is 

convincing evidence of the strong magnetic anisotropy in this lattice.21 For example, the coercivity 

of the double hysteresis loops at ± 70 kOe is 4700 Oe, clearly revealing the irreversibility of the 

magnetic transition, which is typical of spin-flip process. As temperature further increases to 24 K 

and 55 K, the spin-flip transition persists with smaller coercivity due to the weakened magnetic 

anisotropy at higher temperatures. As the temperature moves above the phase transition 

temperature, the M-H curves resemble those of ferromagnets, consistent with the existence of 

short-range FM correlations right above the AFM ordering temperature.  
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Figure 4.8. Magnetic transition of CrSb0.4Bi0.6S3. a) Heat capacity (Cp) plots (left) and 

dCp/dT curves (right) of CrSb0.4Bi0.6S3 under different magnetic fields. b) Isothermal 

field-dependent magnetization of CrSb0.4Bi0.6S3 at different temperatures. c) 

Temperature-dependent magnetic susceptibility curves of CrSb0.4Bi0.6S3 under FC 

conditions using various external fields. 
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Finally, we checked the FC and ZFC χ -T curves of CrSb0.4Bi0.6S3 under different external 

fields (Figure 4.8c). CrSb0.4Bi0.6S3 has better overlapped ZFC and FC χ -T curves at the low-

temperature regime compared to CrSbS3, suggesting the suppression of magnetic disorder by 

strong anisotropy. Consistent with the dCp/dT - T curve, the χ -T curves exhibit lower transition 

temperature at larger external fields. This is also typical for spin-flip transitions. Owning to the 

strong magnetic anisotropy, there exists a flipping energy barrier. Only at high enough temperature 

and magnetic fields can the system have enough energy to overcome the barrier and allow the spin-

flip to occur. A larger magnetic field provides the energy required for such spin-flip so that less 

thermal energy (i.e., lower temperature) is required.23 The Cp-T, M-H, and χ -T curves collectively 

demonstrate the spin-flip transition in CrSb0.4Bi0.6S3 and the strong magnetic anisotropy therein. 

These results further support our interpretations of magnetic behaviors of all CrSb1-xBixS3 phases 

and their stronger magnetic anisotropy with increasing Bi contents. 

4.4 Conclusions 

The foregoing results demonstrate that Bi alloying is an efficient strategy to systematically 

tune the magnetic anisotropy in quasi-1D vdW ferromagnet CrSbSe3 and antiferromagnet CrSbS3 

while maintaining their structural features and magnetic ordering types. As proof-of-principle, we 

showed two series of isostructural Bi-alloyed phases CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) 

and CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6) with systematically evolved magnetic behaviors 

with increasing Bi contents. Most noticeably, Bi alloying significantly enhances the magnetic 

anisotropy in these phases, no matter the ordering type is ferromagnetic or antiferromagnetic. 

These results demonstrate the effect of pnictogens on magnetic ordering types and anisotropies of 

quasi-1D vdW magnets, open a new dimension to tune their magnetism, and further motivate 

studies to explore the potential of tuning superexchange anisotropy by modifying the indirect 

bridging sites. 
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4.5 Methods 

4.5.1 Synthesis of CrSb1-xBixSe3 and CrSb1-xBixS3 

Polycrystalline powders of CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5), used for powder 

X-ray diffraction (PXRD), energy dispersive spectroscopy (EDS), magnetometry, and X-ray 

photoelectron spectroscopy (XPS) were synthesized by a typical solid-state melt reaction. Starting 

elements were finely ground, mixed in stoichiometric ratio, and sealed into fused quartz tube under 

~50 mTorr. Ampoules were heated to 800 °C over 3 hours and kept at this temperature for 2 days, 

followed by cooling to room temperature slowly over 66 hours. Single crystals of CrSb0.9Bi0.1S3 

and CrSb0.8Bi0.2S3, used in single crystal X-ray diffraction (SXRD) were grown by annealing the 

polycrystal powders at 800 °C for five days and cooling down the matrix over 60 hours. The 

preparation and handling of all reagents was done under ambient conditions. Chromium (Sigma-

Aldrich, 99.5%), antimony (STREM Chemicals, 99.5%), bismuth (STREM chemicals, 99.5%) and 

selenium (STREM Chemicals, 99.99%) were purchased and used without further purification. 

Polycrystalline powders of CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6), used for powder 

X-ray diffraction (PXRD), energy dispersive spectroscopy (EDS), magnetometry, and X-ray 

photoelectron spectroscopy (XPS) were synthesized by a typical solid-state melt reaction. Starting 

elements were finely ground, mixed in stoichiometric ratio, and sealed into fused quartz tube under 

~50 mTorr. Ampoules were heated to 550 °C over 3 hours and kept at 550 °C for 6 hours, then 

heated up to 800 °C, kept at 800 °C for 24 hours followed by cooling to room temperature slowly 

over 66 hours. The preparation and handling of all reagents was done under ambient conditions. 

Chromium (Sigma-Aldrich, 99.5%), antimony (STREM Chemicals, 99.5%), bismuth (STREM 

chemicals, 99.5%) and sulfur (Sigma-Aldrich, 99.98%) were purchased and used without further 

purification. 

4.5.2 Characterization Methods 

Single crystal X-ray diffraction (SXRD) data of CrSb0.9Bi0.1Se3 and CrSb0.8Bi0.2Se3 were 

collected on sizeable micron-sized crystals using a Bruker D8 diffractometer which is coupled to 

a Bruker APEX-II CCD detector and a Mo Kα radiation (λ = 0.71073 Å), performing f- and w-
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scans. The refinement of the structure was performed using direct methods in the SHELX 

package and refined against F2 on all data by full-matrix least squares with SHELXL-13.24  

Laboratory room temperature PXRD data were recorded using a Bruker Advance II 

diffractometer equipped with a θ/2θ reflection geometry and Ni-filtered Cu Kα radiation (Kα1 = 

1.5406 Å, Kα2 = 1.5444 Å, Kα2/ Kα1 = 0.5). The tube voltage and current were 40 kV and 40 

mA, respectively. Samples for PXRD were prepared by placing a thin layer of the finely grounded 

material on a zero-background silicon crystal plate. Pawley refinements were performed on high 

resolution (1deg/min) PXRD data of polycrystalline powders of CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 

0.4, 0.5) mixed together with LaB6 powder, which is used as an internal standard.  

High-resolution synchrotron PXRD data of CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6) were collected at 295 K in beamline 11-BM at the Advanced Photon Source (APS), Argonne 

National Laboratory using the Debye-Scherrer geometry and an average wavelength of 0.457840 

Å. Discrete detectors covering an angular range from -6 to 28° 2θ are scanned over a 34° 2θ range, 

with data points collected every 0.001° 2θ (actual 2θ/step is 0.0009984375°) and scan speed of 0.1 

s/step. The 11-BM instrument uses X-ray optics with two platinum-striped mirrors and a double-

crystal Si(111) monochromator, where the second crystal has an adjustable sagittal bend.25 Ion 

chambers monitor incident flux. A vertical Huber 480 goniometer, equipped with a Heidenhain 

encoder, positions an analyzer system comprised of twelve perfect Si(111) analyzers and twelve 

Oxford-Danfysik LaCl3 scintillators, with a spacing of 2° 2θ.26 Analyzer orientation can be 

adjusted individually on two axes. A three-axis translation stage holds the sample mounting and 

allows it to be spun, typically at ~5400 RPM (90 Hz). A Mitsubishi robotic arm is used to mount 

and dismount samples on the diffractometer.27  Oxford Cryosystems Cryostream Plus device 

allows sample temperatures to be controlled over the range 80-500 K when the robot is used. The 

diffractometer is controlled via EPICS.27 Data are collected while continually scanning the 

diffractometer 2θ arm. A mixture of NIST standard reference materials, Si (SRM 640c) and Al2O3 

(SRM 676) is used to calibrate the instrument, where the Si lattice constant determines the 

wavelength for each detector. Corrections are applied for detector sensitivity, 2θ offset, small 

differences in wavelength between detectors, and the source intensity, as noted by the ion chamber 

before merging the data into a single set of intensities evenly spaced in 2θ. Rietveld refinements 

were performed using the resulting synchrotron diffraction data. 
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Magnetometry and heat capacity measurements were performed on powders using a 

Quantum Design Physical Property Measurement System (PPMS) Dynacool, equipped with a 

vibrating sample magnetometer (VSM) and a heat capacity option. The X-ray photoelectron 

spectra (XPS) were collected using a Thermo Nexsa X-ray photoelectron spectrometer with a 

monochromated Al X-ray source.  Electron dispersive spectroscopy (EDS) data of all Bi alloyed 

samples were collected using a Zeiss Field Emission SEM Ultra55 with EDS detector.  

4.5.3 Sample Compositions Determination 

The samples compositions were determined by quantification using EDS. The as-synthesized 

poly-crystals were loaded on carbon tapes and checked under SEM. Ten micro-crystals of each 

sample were selected randomly on which EDS data were collected. The EDS spectra were fitted 

and the area under each element’s peaks is calculated, which is used for elemental quantifications.  

Table 4.1. Loading and the actual compositions of CrSb1-xBixSe3 determined by EDS  

Loading elemental ratios Actual elemental composition 
Cr Sb Bi S From EDS 
1 0.9 0.1 3 CrSb0.81Bi0.08S2.87 
1 0.8 0.2 3 CrSb0.68Bi0.15S2.63 
1 0.7 0.3 3 CrSb0.59Bi0.22S2.61 
1 0.6 0.4 3 CrSb0.50Bi0.28S2.55 
1 0.5 0.5 3 CrSb0.41Bi0.40S2.27 
1 0.4 0.6 3 CrSb0.34Bi0.40S2.47 

 

Table 4.2. Loading and the actual compositions of CrSb1-xBixS3 determined by EDS 

Loading elemental ratios Final elemental composition 

Cr Sb Bi Se From EDS 

1 0.9 0.1 3 CrSb0.96Bi0.11Se3.35 

1 0.8 0.2 3 CrSb0.82Bi0.21Se3.35 

1 0.7 0.3 3 CrSb0.78Bi0.29Se3.21 

1 0.6 0.4 3 CrSb0.59Bi0.35Se2.82 

1 0.5 0.5 3 CrSb0.52Bi0.52Se3.32 
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4.5.4 Refinement Details 

4.5.4.1 Refinement Details of Single-Crystal Structures of CrSb0.9Bi0.1S3 and 

CrSb0.8Bi0.2S3 

Table 4.3. Details of the structure determination of CrSb0.9Bi0.1S3 based on single-crystal 
experiments measured at 300 K 
 

Sum Formula CrSb0.9Bi0.1S3 

Radiation λ (Mo-Kα = 0.71073 Å) 

Index ranges 
-15 ≤ h ≤ 15, -5 ≤ k ≤6, -22 ≤ l 

≤ 22 

Absorption coefficient /mm-1 34.730 

Measured reflections 20541 

Independent reflections 1266 

No. of parameters 37 

Goodness-of-fit on F2 1.181 

Final R indices [I > 2σ (I)] 0.0411 

R(int) 0.0533 

R(σ) 0.0197 

R indices (all data) 0.0418 

ωR2 (all data) 0.0960 

Largest diff. peak and hole (e-/ Å3) 2.112 to -6.029 
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Table 4.4. Details of the structure determination of CrSb0.8Bi0.2S3 based on single-crystal 
experiments measured at 300 K 
 

Sum Formula CrSb0.9Bi0.1S3 

Radiation λ (Mo-Kα = 0.71073 Å) 

Index ranges 
-16 ≤ h ≤ 16, -6 ≤ k ≤6, -22 ≤ l 

≤ 22 

Absorption coefficient /mm-1 37.844 

Measured reflections 18220 

Independent reflections 1264 

No. of parameters 37 

Goodness-of-fit on F2 1.224 

Final R indices [I > 2σ (I)] 0.0334 

R(int) 0.0478 

R(σ) 0.0206 

R indices (all data) 0.0338 

ωR2 (all data) 0.0900 

Largest diff. peak and hole (e-/ Å3) 1.593to -3.072 
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4.5.4.2 Fitting Results of Pawley Refinement of CrSb1-xBixSe3  

 

 

Figure 4.9. Pawley refinement result of CrSbSe3 
 

Figure 4.10. Pawley refinement result of CrSb0.9Bi0.1Se3 
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Figure 4.11. Pawley refinement result of CrSb0.8Bi0.2Se3 

 

Figure 4.12. Pawley refinement result of CrSb0.7Bi0.3Se3 

 



 119 

 
 

 
 

 
 

Figure 4.13. Pawley refinement result of CrSb0.6Bi0.4Se3 

Figure 4.14. Pawley refinement result of CrSb0.5Bi0.5Se3 
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Table 4.5. Rwp values of the Pawley refinements for CrSb1-xBixSe3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5) 

x value in CrSb1-xBixSe3 0 0.1 0.2 0.3 0.4 0.5 

Rietveld refinement Rwp 

(%) 6.8 5.6 5.4 5.3 6.9 13.7 

4.5.4.3 Fitting Results of Rietveld Refinements of CrSb1-xBixS3 

 

Figure 4.15. Rietveld refinement result of CrSbS3 

Figure 4.16. Rietveld refinement result of CrSb0.9Bi0.1S3 
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Figure 4.17. Rietveld refinement result of CrSb0.8Bi0.2S3 

Figure 4.18. Rietveld refinement result of CrSb0.7Bi0.3S3 
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Figure 4.19. Rietveld refinement result of CrSb0.6Bi0.4S3 

 

Figure 4.20. Rietveld refinement result of CrSb0.5Bi0.4S3 
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Figure 4.21. Rietveld refinement result of CrSb0.5Bi0.5S3 

Figure 4.22. Rietveld refinement result of CrSb0.4Bi0.6S3 
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Table 4.6. Rwp values of the Rietveld refinements for CrSb1-xBixS3 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 
0.6) and the weight percentage of impurity 

x value 0 0.1 0.2 0.3 0.4 0.5 0.6 

Estimated Sb2-yBiyS3 weight% 
(%) 5.2 4.4 3.3 3.2 6.1 6.3 8.9 

Rietveld refinement Rwp (%) 9.33 13.01 11.88 18.67 13.83 14.34 24.38 

 

 

 

4.5.5 Analysis of the Anisotropic Changes of Unit Cell Dimensions 

upon Bi-alloying 

We attribute the anisotropic change of unit cell dimensions upon Bi-alloying to the 

different distances between the nearest pnictogens along different crystallographic directions. The 

Figure 4.23. A schematic view of the nearest pnictogen-pnictogen distances along 

different crystallographic directions in CrPnCh3 (Pn = Sb, Bi; Ch = S, Se). Green, grey, 

and yellow spheres represent Cr, Pn, and Ch, respectively. 
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nearest pnictogen-pnictogen distance in CrSbSe3 is 9.1152(3) Å along a axis (distance 1 in Figure 

S17), 4.6662(13) Å along c axis (distance 2 in Figure S17), and 3.78460(11) Å along b axis 

(distance 3 in Figure S17). Due to this, the pnictogen-pnictogen repulsion is the strongest along b 

axis and the weakest along a axis. The same sequence holds true for CrSbS3. As a result, b axis 

expands the most upon Bi alloying, and a axis does not show obvious expansion upon Bi alloying. 

The main source of the a-axis-contraction is the contracted distance between the nearest 

pnictogen-chalcogen along a axis. Such a decrease is probably because of the stronger interaction 

between Bi and S/Se compared to Sb and S/Se. 

 

 

 

4.5.6 Connection of Cr3+ in Each Double-Rutile Chain in          

CrSb1-xBixSe3 and CrSb1-xBixS3 

Note: the distances or angles represented by the numbers in the following two tables are shown in 
Figure S16.  

Table 4.7. Connection of Cr3+ in each double-rutile chain in CrSb1-xBixSe3 

 Cr-Cr distance 
(Å) 

Cr-Cr distance 
(Å) Cr-Se-Cr angle (°) 

 1 2 1 2 3 

CrSbSe3 3.78460(11) 3.639(3) 97.06(6) 93.84(5) 92.92(5) 

CrSb0.9Bi0.1Se3 3.79020(11) 3.6412(10) 97.16(3) 94.03(3) 92.98(19) 

CrSb0.8Bi0.2Se3 3.79790(11) 3.6443(11) 97.33(3) 94.29(3) 93.02(3) 
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Table 4.8. Connection of Cr3+ in each double-rutile chain in CrSb1-xBixS3 

 Cr-Cr 
distance (Å) 

Cr-Cr 
distance (Å) Cr-Se-Cr angle (°) 

 1 2 1 2 3 

CrSbS3 3.61845(0) 3.42896(0) 97.9214(0) 94.2488(0) 92.0939(0) 

CrSb0.9Bi0.1S3 3.62618(0) 3.43000(0) 97.6084(0) 94.3552(0) 91.7618(0) 

CrSb0.8Bi0.2S3 3.63291(0) 3.43060(0) 97.8601(0) 94.3258(0) 91.7171(0) 

CrSb0.7Bi0.3S3 3.63955(0) 3.42072(0) 97.7608(0) 94.5261(0) 91.4435(0) 

CrSb0.6Bi0.4S3 3.64583(0) 3.43106(0) 98.2503(0) 94.8338(0) 91.8556(0) 

CrSb0.5Bi0.5S3 3.65237(0) 3.45125(0) 98.3138(0) 95.6471(0) 92.3419(0) 

CrSb0.4Bi0.6S3 3.65783(0) 3.44499(0) 98.3235(0) 95.5285(0) 91.8039(0) 

 
 

 

 

 
  

Figure 4.24. A schematic view of the Cr–Cr connectios in CrPnCh3 (Pn = Sb, Bi; Ch = 
S, Se). Green spheres, grey points, and yellow points represent Cr, Pn, and Ch, 
respectively. 
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cannot come up with any sentence to describe how amazing you are and how lucky I am to have 
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