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Abstract

The recently discovered two-dimensional (2D) magnetism has attracted intensive attention
due to possible magnetic phenomenon arising from 2D magnetism and their promising potential
for spintronics applications. The advances in 2D magnetism have motivated the study of layered
magnetic materials, and further enhanced our ability to tune their magnetic properties. Among
various layered magnets, tunable magnetism has been widely investigated in metal thiophosphates
MPXa. It is a class of magnetic van der Waals (vdW) materials with antiferromagnetic ordering
persisting down to atomically thin limit. Their magnetism originates from the localized moments
due to 3d electrons in transition metal ions. So, their magnetic properties are strongly dependent on

the choice of M.

With this motivation, we synthesized metal-substituted MPXs compounds such as Nij-
xMnPS3 (0 <x < 1), NizxCryPS3 (0 < x <0.09), and Fe1xMnyPSes (0 < x < 1). The magnetic
properties have been found to be very tunable with metal substitutions. Furthermore, we performed
previously unexplored non-magnetic X substitution in MnPSz.xSex (0 < x < 3), FePS3xSex (0 <x <
3), and NiPS3xSex (0 < x < 1.3). Interestingly, such non-magnetic S-Se substitution also effectively
modifies the magnetic exchange and anisotropy in MPXs. In addition to M and X substitutions, we
conducted electrochemical intercalation of Li into NiPSs. We found the emergence of
ferrimagnetism at low temperature in Li-intercalated NiPSs, which has never been observed due to
substitution technique. Such efficient engineering of magnetism provides a suitable platform to

understand low-dimensional magnetism and design future magnetic devices.
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interactions within the DFT studies. The latter is crucial for the proper arrangement of the spins
for this system. The # angle indicates the rotation angle from out-of-plane to in-plane position.



Right: Schematic arrangement of the Mn spins in MnPS3 structure. The theoretical studies
predict the easy plane of magnetization in contradiction to the experimental results. (b) Left:
Energy difference between the particular direction of the spins and the magnetic ground state for
MnPSes system. Right: Schematic arrangements of the Mn spins. Note, that the magnetic
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antiferromagnetically aligned spins (reversed AFM-N). The easy plane of magnetization is
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Chapter 1: Introduction
1.1 Background

Since the discovery of graphene in 2004 [1], numerous families of two-dimensional (2D)
materials have been theoretically predicted and experimentally realized. For a long time, the 2D
material research was mainly focused on the study of graphene family and transition metal
dichalcogenides (TMDs). These 2D materials were widely used for the investigation of
electronic properties because they display almost all functionalities of solid-state systems such as
metal, semimetal, semiconductor, insulator, and superconductor, As well as various quantum
phases such as superconductivity, charge density wave, and Dirac and Weyl semimetal. Due to
fundamental scientific interest of low dimensional magnetism and technological demands of
spintronics, the incorporation of magnetism in 2D materials has become imperative more than
ever. This has led to the efforts to induce magnetism in graphene [2] and TMDs [3-5]. Given
their non-magnetic nature, the magnetism in these materials mainly resulted from defects or
doping of guest atoms. So, there has been an intensive search for 2D materials with intrinsic
magnetism.

Recently, there have been breakthroughs in 2D magnetic materials which open a new
route to explore intrinsic magnetism in true 2D limit. The discoveries of novel 2D magnets [6—
11] provide opportunities to understand the mechanism of low dimensional magnetism as well as
to develop applications based on the integration of 2D magnetic layers into next-generation
devices. The integration of 2D magnets in nanodevices and heterostructures has also provided
the platform to investigate their magnetic and electronic properties, and further improved our

ability to tune them [12—-24]. Such developments in 2D magnetism have motivated the search for



novel magnetic van der Waals (vdW) materials to explore the low-dimensional magnetism in

real materials.

1.1.1 Families of layered magnetic materials

Various van der Waals (vdWs) materials hosting stable long-range magnetic orders have
been recently discovered. There is a rich collection of vdW magnetic materials that possess a
wide range of magnetic properties. So far, these materials can be broadly divided into two large
families: (1) transition metal halides (consists of both dihalides and trihalides) and (2) transition
metal chalcogenides (including both binary and ternary chalcogenides), which are summarized in
Table 1. These transition metals ranging from V to Ni (i.e., V, Cr, Mn, Fe, Co, and Ni) in 3d
transition metal row of the periodic table. Most of these materials are semiconductors with
bandgap ranging from the near-infrared to the ultraviolet spectral range, while a few such as
FesGeTez, and MnBi>Tes are metallic [25,26].

Table 1: Summary of layered magnetic materials.

Magnetic states Chalcogenides Halides
CrXTes (X = Si, Ge) (Cr¥* CrXz (X =Br, I) (Cr**
Ferromagnetic 3 ot ) ( ar ) : (3+ )€
FesGeTe, (Fe< and Fe**) Viz (V)
MnBi;Tes (Mn?) CrCl3 (Cr®)
Antiferromagnetic MPX3 (M =V, Cr, Mn, Fe, Co, FeXz (X = Cl, Br) (Fe?")
Ni, and X = S, Se) (M?") NiXz (X = Br, 1) (Ni?")

These transition metal cations are arranged in honeycomb lattice structure in most of
layered magnetic materials except few of them such as transition metal dihalides exhibit
triangular lattice structure [25]. In each layer of these magnetic materials included in Table 1, the
transition metal cations are bonded to non-magnetic anions in octahedral coordination. These

layers are stacked on top of each other and separated by a finite vdW gap to form the bulk



crystal. Different types of layer stacking such as monoclinic and rhombohedral can occur in
these materials depending on the selection of transition metal cations and non-magnetic anions.
The interlayer bonding between the adjacent layers is weak, allowing for the exfoliation of bulk
crystal to obtain atomically thin flakes. Thus, these layered magnetic materials offer a good

platform to study magnetism from bulk to 2D limit.

3d orbital

by
2

Figure 1.1: Splitting of five 3d orbitals of transition metal cations into three toq and two eq levels
under octahedral crystal field.

Magnetism in vdW magnetic materials arise from the magnetic moment due to the spin
and orbital momenta of the 3d electrons of the transition metal cations. So, the magnetic
properties in layered materials are strongly dependent on the transition metal cations. In presence
of crystal field from the octahedral coordination of the transition metal cations in layered
magnetic materials mentioned in Table 1, the five 3d orbitals splits into three low-energy tog
orbitals (dy, dx.;, and dy,) and two high-energy eq orbitals (d«%, and d,?) due to octahedral crystal
fields [27] as shown in Figure 1.1. Then, the d electrons of the transition metal cations fill these
orbitals according to Hund’s rule, as summarized in Table 2 for various transition metal cations.
The occupancy of these orbitals determines the total magnetic moment of the 3d transition metal
cations. Under the octahedral crystal field, if tog levels are partially filled, the total orbital angular
momentum (L) is non-zero. Here, the orbital angular momentum for higher energy eq orbitals
(dx?? and d?) is always zero. Whereas the octahedral crystal field (along z-direction) will affect

dxz, and dy, orbitals belonging to low-energy tog levels. In this case when L # 0 due to partial
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Table 2: Orbital occupancy for 3d valence electrons of various transition metal cations under
octahedral crystal field.

Transition metal ions 3d orbital occupancy
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filling of tog orbitals, the total magnetic moment becomes equal to gs[j(j+1)]"us, where [j|, g,
and ug are the total angular momentum quantum number, Landé g-factor, and, Bohr magneton,
respectively. Now, when orbital angular momentum is quenched (i.e., L = 0) which happens for

either half-filled or fully filled tog orbitals, only the spin magnetic moment contributes the total



magnetic moment. This leads a magnetic moment per transition metal atom to be 2[s(s+1)]*?us,
where s and ug are the total spin quantum number.

The magnetism in these materials can be explained within the framework of isotropic
Heisenberg Hamiltonian: H = —23JS;S;, where J is the exchange coupling constant the
summation is over all pairs of magnetic ions in the lattice and the spins are treated as three-
component vectors. Here, the magnetic exchange J is considered to be isotropic as depict in
Figure 1.2(a). In the case of layered magnetic materials, the magnetic interactions are usually
anisotropic. Generally, the magnetic exchanges within the plane are much stronger than the inter-
plane exchanges in vdW magnetic materials. So, the magnetism is described by Heisenberg
Hamiltonian with anisotropic exchange: H = -2(JSiSj + JySiSj + J:SiSj), where Jy, Jy, and J; are
exchange coupling constants along three different directions and they are unequal as seen in

Figure 1.2(b).

The combination of crystal field from the octahedral coordination and SOC of the
transition metal cations introduce anisotropy to the system. Now, with an additional anisotropy
term the full Hamiltonian becomes: H = —2¥(JS;S; + AS7S7) — X A(S)?, where J, 4, and A are
isotropic exchange, anisotropic exchange and single-ion anisotropy parameters, respectively. The

single-ions anisotropy (A) defines the magnetic anisotropy of the system [Figure 1.2(c)].
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Isotropic exchange Anisotropic exchange Single-ion
interaction interaction anisotropy

Figure 1.2: Schematic of (a) isotropic exchange interaction, (b) anisotropic exchange interaction,
and (c) single-ion anisotropy. In (a) and (b), the length of arrows represents strength of exchange
interaction. Double arrows in (a) and (b) indicate interaction between two moments.

The long-range magnetic ordering in layered magnetic materials is mainly governed by
intralayer exchange interaction because the interlayer interactions are usually weak in layered
materials. Most of the layered magnetic materials summarized in Table 1 are insulating in which
the transition metal ions carry localized magnetic moments. The magnetic exchanges among
those localized moments are mediated through direct and superexchange interactions. However,
the direct exchange between two cations is usually weak for most of these materials due to large
cation-cation distances. Therefore, the superexchange interactions between magnetic cations
which are mediated through non-magnetic anions are the dominant magnetic coupling. Together
with the nearest-neighbor superexchange, the second and third nearest-neighbor superexchanges
stabilize the magnetic interactions in layered magnetic materials. The nature and strength of
these superexchange interactions are mainly dependent on the cation-anion bond length, cation-
anion-cation bond angle, and the orbital overlap between magnetic cation and nonmagnetic
anion. (Figure 1.3). In addition, for metallic layered magnets such as FesGeTez, and MnBi>Tes

the magnetic interactions are also mediated by itinerant electrons.
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Figure 1.3: Schematic of superexchange interaction between two cations through anion.

1.1.2 Types of magnetism

The interplay between different exchange interactions and magnetic anisotropy arising
from crystal field and SOC can give rise to a rich variety of magnetic states (Table 1) though
they possess similar crystal structures. Broadly, layered magnetic materials exhibit two types of
magnetism: (1) ferromagnetism and (2) antiferromagnetism.

In ferromagnetic state, both intralayer and interlayer exchange interactions favor parallel
spin alignment [Figure 1.4(a)]. As seen in Table 1, ferromagnetism exists in both transition metal
chalcogenides and halides material families, most of which feature out-of-plane magnetic
moments such as CrXs (X = Br, 1), VI3, FesGeTey, etc. On the other hand, antiferromagnetic
(AFM) layered materials possess various magnetic ordering, which can be divided into two
types: (1) A-type and (2) C- and G-type [Figures 1.4(b and c)]. In an A-type AFM state, the
magnetic moments within the layer have ferromagnetic alignment but exhibit interlayer AFM
ordering, such as MnBi2Tes, FeXz (X = Cl, Br), and CrCls. Whereas the C- and G-type
antiferromagnets show intralayer AFM correlations and can be further divided into AFM-zigzag
(such FePSz, NiPS3, etc), AFM-stripy, and AFM-Ngéel (such as MnPS3), as shown in Figure

1.4(c).
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Figure 1.4: Magnetic order for layered magnetic materials. (a) Ferromagnetic (FM) order. Left
and right figures show interlayer and intralayer FM order, respectively. (b) A-type
antiferromagnetic (AFM) order. (c) C- and G-type AFM order. From left to right: intralayer
AFM-zigzag, AFM-stripy, and AFM-Néel order. AFM-zigzag and AFM-stripy belong to C-type
whereas AFM-Neéel belongs to G-type categories. Blue and pink color represent spin up and spin
down, respectively.

1.2 Antiferromagnetic van der Waals (vdW) metal thiophosphates MPX3 (M = Transition metal
and X = Chalcogen)

Recent developments in 2D magnetism have intensified the study of vdW magnetic
materials. Among various 2D magnetic materials, one model system is metal thiophosphates.
This material family was discovered in the late 1800s by Friedel and Ferrand [28,29]. It is
usually represented by a chemical formular MPX3 or M2P2Xs, where M stands for transition
metals, P is phosphorus, and X denotes for chalcogens. Since its discovery, this material family
has been studied in various fields including magnetism, ferroelectricity, optoelectronics, photo-
electrochemical reactions, hydrogen storage, and Li-ion batteries [28,29]. Most MPX3 (M =V,
Cr, Mn, Fe, Co, and Ni) compounds are antiferromagnetic, whereas some MPX3 (M = Cd, Zn,
Sn, and Hg) compounds exhibit diamagnetism because of fully filled d orbitals. Due to layered

structures, these materials have also been established as potential 2D magnets. In addition, the



band gaps ranging from 1.3 to 3.5 eV make MPX3 materials suitable for device applications at
relatively higher temperatures with higher voltage and current ranges [28,29]. Such a wide band
gap also enhances their light absorption efficiency. Furthermore, their unusual intercalation-
reduction behavior and higher ionic conductivity facilitate potential applications in Li-ion
batteries. Because of such versatility, MPX3 materials have gained intensive attention in recent
years.

MPX3 materials crystallize in monoclinic (C2/m space group), rhombohedral (R3 space
group) or triclinic (P1 space group) layered structure as summarized in Table 3. Despite three
different crystal structures, all MPX3 materials exhibit common structural feature with (P2Xs)* (X
= S or Se) anion sublattice within each layer [Figure 1.5]. The metal atoms M are arranged in a
honeycomb lattice which is situated around the (P2Xs)* bipyramids as shown in Figure 1.5(b).
Thus, these compounds can also be represented as M2P2Xes. As seen in Figure 1.5(c), a finite vdW
gap (shortest distance between the X layers) about 3.22-3.24 A is present in MPXs. Various metal
ions with different ionic radii can be incorporated into MPX3 resulting in the alteration of the slab
size. The flat pyramid consisting of X2 ions remain invariable within (P2Xs)* structural
modification, but the P-P distance is slightly adjusted to accommodate the changing metal
cations. For example, the P-P length is changed from 2.148 A in NiPSs to 2.222 A in CdPS; [28].
Such an increase in P-P distance is also accompanied by the elongation of the layer thickness.
This demonstrates the structural flexibility of MPX3 compounds that leads to the abundant

material choices by varying M and X atoms.
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Figure 1.5: Crystal structures of MPXs. (a) MPXs materials exhibit common structural features
with (P2Xs)* (X = S or Se) anion sublattice within each layer. (b) Metal M arranged in a
honeycomb lattice around the (P2Xs)* bipyramids. (c) Layered structure with finite van der

Waals gap between the layers.

Table 3: Information about crystal structure and magnetism for MPX3 materials [28,29].

Materials  Crystal structure  Space group Magnetic ordering Ordering temperature (K)
VPS; Monoclinic C2/m AFM 61
MnPS; Monoclinic C2/m AFM 78
FePS3 Monoclinic C2/m AFM 118
CoPSs Monoclinic C2/m AFM 122
NiPS3 Monoclinic C2/m AFM 155
ZnPS; Monoclinic C2/m Non-magnetic -
CdPS; Monoclinic C2/m Non-magnetic -
MgPS; Monoclinic C2/m Non-magnetic -
PdPS; Monoclinic C2/m Non-magnetic -
SnPS; Monoclinic C2/m Non-magnetic -
HgPS3 Triclinic P1 Non-magnetic -
CrPSes Monoclinic C2/m AFM 126
MnPSe; Rhombohedral R3 AFM 74
FePSe; Rhombohedral R3 AFM 112
NiPSes Monoclinic C2/m AFM 205
ZnPSe; Rhombohedral R3 Non-magnetic -
CdPSes Rhombohedral R3 Non-magnetic -
MgPSes Rhombohedral R3 Non-magnetic -
HgPSes Monoclinic C2/m Non-magnetic -
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Although the individual lamella is similar for all MPXz compounds, their symmetry and
layer stacking in bulk may vary depending on the M and X as summarized in Table 3. In
particular, the symmetries and crystal structures for sulfides and selenides of MPX3 materials are
distinct. Generally, the sulfides MPSz exhibit monoclinic crystal structure with C2/m symmetry,
except triclinic structure with P1 symmetry for HgPSs. On the other hand, for selenides MPSes
with larger P-Se bond lengths and Se-P-Se bond angles as compared to their sulfides
counterparts, these materials mostly crystallize in rhombohedral structure with R3 symmetry.
The only exceptions are NiPSes, CrPSes, and HgPSes which exhibit monoclinic crystal structure.

The crystal lattice and symmetries are important in determining magnetic properties.
Coupling of crystal lattice and symmetries with magnetism has been theoretically predicted in
MPX3 [30]. Variation of lattice parameters have been found to modify the magnetic properties. In
fact, magnetic interactions are strongly dependent on the lattice parameters. As mentioned
earlier, the crystal lattice and symmetry modify with the substitutions of M and X atoms in MPXa.
Therefore, the magnetic properties in MPX3 compounds vary with the choices of M and X atoms.
For example, the Néel temperature (Tn) changes with transition metal M, increasing from 78 K
for MnPS3, to 118, 122, and 155 K for FePSs, CoPSs, and NiPSs, respectively [31-36].
Similarly, the Ty also varies upon substituting Se for S. For example, MnPSes, FePSes, and
NiPSes have different Ty (74 K, 112 K and 205 K, respectively) as compared to their sulfide
counterparts [37,38]. The T for different MPX3 compounds has been provided in Table 3. In
addition, magnetic structure also changes with the substitutions of M and X atoms. For instance,
MnPSs, FePSs, and NiPSs exhibit different magnetic structures as shown in Figure 1.6. Likewise,
the magnetic structure can also be modified with S and Se substitution as seen for MnPSz and

MnPSes (Figure 1.6).
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Figure 1.6: Known magnetic structures of various MPX3 materials. Magnetic structure for NiPSes
have not been experimentally determined.

Furthermore, the magnetism has also been found to be related to a structural distortion in
MPX3 compounds [39-41]. As illustrated in Figure 1.7, every metal atom M in MPX3 is located
at the center of an octahedron formed by six X atoms. Such MXs octahedra, however, possesses a
trigonal distortion that is characterized by the angle 8 between the trigonal axis (perpendicular to
the ab-plane) and the M-S bond (Figure 1.7). Therefore, magnetism in MPX3 can be described by
an isotropic Heisenberg Hamiltonian with additional single-ion anisotropy due to the combined
effect of crystal field and spin-orbit splitting: H = =2} JS;S; + AS{,, where J and A are the
magnetic exchange and single-ion anisotropy parameters, respectively [39]. The relative

strengths of J and A determine the magnetic properties in MPX3 [39,41].
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Figure 1.7: Trigonal distortion in MPX3 materials; z-axis is the trigonal axis.

In MPX3, the magnetic exchanges J between magnetic moments are mainly mediated by
superexchange couplings through X atoms with additional direct exchange for interactions
between nearest neighbors [39,40]. The superexchange couplings will contribute both the
nearest-neighbor interaction (J1) and the interactions between further neighbors. The nature of
superexchange interaction depends on the M-X-M bond angle [Figure 1.3] and the d-electron
occupancy of the M atoms [39]. According to Goodenough-Kanamori rules [42,43], the
superexchange interaction is ferromagnetic (FM) if M-X-M bond angle is close to 90° and AFM
when M-X-M bond angle is 180°. In addition, the superexchange process is also determined by
the occupancy of d orbital. For example, NiPSz and CoPSs have different magnitudes for
superexchange because of distinct occupancy of d orbitals for Ni?* and Co?* ions although they
have the same magnetic structure [41]. On the other hand, the direct exchange depends on the
distance between the nearest neighbors. Increasing the distance between nearest neighbors will
weaken the direct exchange between them. The direct exchange usually influences the nearest
neighbor interaction Ji. The direct exchange is AFM and FM in MnPS3z and FePSs,
respectively [40]. Whereas the direct exchange does not exist in NiPS3z because of the filled tag

orbitals for Ni?* [40]. All the magnetic interactions are superexchange in nature in NiPSs.

13



The combination of spin-orbit coupling (SOC) and trigonal distortion of MXs octahedra
leads to the single-ion anisotropy (A) in an otherwise isotropic system. The effect of A is to
introduce anisotropy in the system. The relative values of J and A determine the moment
orientation in MPXa. In the case when J >> A (for very small A), the magnetism is isotropic and
can be explained by the 3D isotropic Heisenberg Hamiltonian. For higher values of A, the
magnetism becomes anisotropic and corresponds to XY or Ising-type magnetism depending on
the sign and magnitudes of A. In Mn and Ni systems, the orbital angular momentum (L) is
quenched for Mn?* (d®) and Ni?* (d8) because of their half and fully filled toq orbitals respectively
leading to the negligible SOC for the magnetic atoms [39]. In MnPSs3, the effect of spin-orbit
splitting and trigonal distortion is found to be negligible for the high spin ground state of
Mn?2* [39], so the magnetism of the less distorted MnPS3 is governed by the dipolar anisotropy
that leads to out-of-plane moment direction with small tilt towards a-axis [33,44,45], as shown
in Figure 1.6. On the other hand, NiPSz exhibits greater trigonal distortion as compared to
MnPSs. In NiPS3 and MnPSs,  has been found to be 51.05° and 51.67°, respectively [41].
Compared with 6 = 54.75° for the undistorted octahedra, the greater trigonal distortion in NiPS3
leads to much stronger single-ion anisotropy (0.3 meV) than that of MnPSz (0.0086 meV), as
revealed by inelastic scattering measurements [33,40,41]. This causes the Ni moments to be
aligned within the basal plane perpendicular to the trigonal axis (Figure 1.6) [34,39,45], which is
likely explained by the anisotropic Heisenberg Hamiltonian with XY-type anisotropy. The
situation is different for FePSs in which the SOC is much stronger for Fe?* (d°). So, the
contribution of the SOC and trigonal distortion is much greater in FePSs, which gives rise to
highly anisotropic magnetic ordering as characterized by higher single-ion anisotropy A = 2.66

meV for FePSz [46]. Thus, FePSs is best described by the Ising Hamiltonian corresponding to the
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highly anisotropic Ising-type magnetic ordering with magnetic moments aligned along the out-
of-plane direction [39,46]. In this way, the combination of J and A parameters determine the
magnetic properties in MPXs. The experimental values of J and A parameters obtained by

neutron scattering experiments for various MPX3 materials are summarized in Table 4.

Table 4: Magnetic exchange and anisotropy parameters for MPX3 materials. Here, negative and
positive signs denote AFM and FM interactions, respectively.

Parameters MnPS; [33] FePS;[46] CoPS;[41] NiPS;[40]

S 5/2 2 32 1
Tn (K) 78 118 120 155
J1 (meV) -1.54 2.96 2.04 3.8
J2 (MeV) -0.14 -0.08 0.26 -0.1
Js (MeV) -0.36 -1.92 -4.21 -13.8
A (meV) 0.0086 2.66 2.06 0.3

Due to their layered structures, MPX3 materials can be easily exfoliated down to
atomically thin layers. The feasibility of obtaining thin flakes allows for the study of magnetic
properties in the 2D limit. However, the study of magnetism in atomically thin MPX3 has been
limited because of difficulty in probing AFM ordering in 2D. Recently, the magnetic properties
of only a few atomically thin MPX3 materials such as MnPS3, FePSs, NiPS3, and MnPSes have
been studied. Using techniques such as Raman spectroscopy [47-49], second harmonic
generation [50], and magnetotransport [10] measurements, the persistence of AFM ordering have

been demonstrated in atomically thin MPX3 crystals.

Although the long-range magnetic ordering has been found to exist in thin layers of
MPX3, only FePSs [48] and MnPSes [50] exhibit magnetic ordering down to monolayer. The
persistence of magnetism in monolayer FePSz [48] and MnPSes [50] have been ascribed to their

highly anisotropic Ising-type and XY-type antiferromagnetism, respectively. The ordering
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temperature Ty of 118 K for FePSs remains independent of the thickness from bulk to the
monolayer limit [48]. Whereas the Ty decreases from 74 K in bulk to 40 K in single layer of
MnPSes [50]. In NiPS3 [49] and MnPSs [47], magnetism is found to be stable up to bilayer with
slightly reduced Ty, but does not persist in the monolayer limit. Because of their highly
insulating nature, the magnetotransport measurement is challenging to probe the magnetic
properties in MPXs. So far, the tunneling transport measurement has been only been successful to
reveal magnetic ordering in atomically thin crystals of MnPS3 [10]. Through tunneling
magnetoresistance, the signatures of spin-flop transition seen in the bulk MnPS3z have been
demonstrated in thin layers. This provides a new experimental route that can be applied to study

2D magnetism in other MPX3 materials.

1.3 Tuning magnetism in MPX3

Tuning magnetism in layered magnetic materials provides deep understanding of the low-
dimensional magnetism as well as broaden their scope for potential applications in next-
generation devices. Various strategies such as doping [37,51-80], application of pressure [81—
84] and electrostatic gating [13,15] have been adopted to tune the magnetic properties of layered
magnets. These techniques have been successful in controlling the spin orientation in vdW
magnetic materials, which leads to novel magnetic phenomenon arising from 2D magnetism.

Engineering magnetic properties is one of the major research directions in MPX3 family,
and extensive efforts have already been put to tune their magnetism. Varying lattice parameters
and magnetic moments through elemental substitution is an effective way to modify magnetism.
Substituting metal atoms have been adopted as an important method to manipulate the magnetic
properties in MPXs. The metal atoms are arranged in a honeycomb lattice in MPX3 as shown in

Figure 1.5. The structural similarity of the MPXs materials facilitates the realization of

16



polymetallic “mixed” compounds with substitution of M atoms. Here, two different metal atoms
are mixed in a honeycomb lattice to create a substituted compound (Figure 1.8). Since the
magnetic properties are strongly dependent on M atoms, the magnetic exchange (J) and
anisotropy (A) are found to be modulated with metal substitutions which lead to tunable

magnetic properties.

Substitution in M site
—-

Figure 1.8: Conceptual schematic of metal substitution in MPXs.

Tunable magnetism arising from competing magnetic interactions, magnetic anisotropies,
and spin fluctuations have been observed in metal-substituted MPXs compounds such as Ni1-
xMnyPS3, MnyFe1«PSs, Fe1.xNixPS3, Mn1.xZnxPSs, Ni1-xCoxPSz and MnixFexPSes [51-66]. For
example, Zn substitution for Mn can systematically tune magnetic order and spin orientations in
MnPS;z [51-53]. In Mn-substituted FePSs, spin glass is found to arise from the competing 3d
magnetism [54-56]. In addition, substitutions of M in NiPS3 and MnPSs have also been found to
effectively modify their magnetic anisotropies [37,39,50,52]. Varying the Ni:Mn ratio in Ni-
xMnyPS3 can re-orientate the magnetic easy axes from nearly the ab-plane to the out-of-plane
direction [62,64]. In NiPSs, Fe substitution can trigger a crossover from XY to Ising
anisotropy [63,66]. Moreover, the magnetic anisotropy can be reduced with magnetic dilution by
substituting non-magnetic Zn in MnPSz [53,60]. Such tuning of magnetic properties through
metal substitutions provides deeper understanding of low dimensional magnetism as well as

promising material platform to investigate 2D magnetism. Therefore, the metal substitution in
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MPXG3 is still an active research direction, and new works are expected to focus on materials other
than MnPSgz, FePSs, and NiPS3 as well as extend beyond traditional isovalent metal substitution.
In addition to metal substitution, the layered structure of MPX3 materials allows for
another doping strategy i.e., the inter-layer interaction of guest atoms as depicted in Figure 1.9.
Although various AFM spin configurations can be obtained through metal substitutions, but
these works reported so far [51-66] are unable to achieve novel magnetic phases. So, new
doping techniques are necessary to stabilize novel magnetic states in MPXs. Doping charge
carriers has been predicted to drive AFM to ferromagnetic (FM) transition in MPX3 [30,85].
Inter-layer intercalation might lead to charge carrier doping, and thus it could provide a
promising route to achieve novel magnetic phases in MPX3 that are not accessible through metal

substitutions.

Intercalation of  \
290 guest atoms ¢
-

Figure 1.9: Conceptual schematic of inter-layer intercalation in MPXa.

Among various MPXs materials, inter-layer intercalation studies have been mainly
focused on NiPSz [86-89], which may be due to its high reactivity towards intercalation as
compared to other MPXs materials [89]. The magnetic susceptibility has been reduced in Li-
intercalated NiPSs, while no noticeable changes observed in FePSs, FePSes and MnPSes [89]. In
addition, various organic-ion intercalations have been successful to drive AFM-to-ferrimagnetic
(FIM) [78,86,88] transitions in NiPSs. These are in stark contrast to metal-substituted

NiPSs [58,62—66] which only feature tunable AFM ground states. The distinct results for inter-
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layer intercalation might be attributed to charge carrier doping, whereas substituting M atoms
might only alter magnetic exchange and anisotropy. Increased vdw gap may also play some role
in mediating magnetism. These results suggest that intercalation can be an effective route to

control magnetism in MPXa.
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Chapter 2: Experimental Methods

This research involves the synthesis and characterizations of various layered magnetic
materials. First, we synthesized the single crystals and confirmed their elemental and structural
phases. Then, we performed magnetization and thermodynamic measurements to characterize
their magnetic properties. The following experimental methods were used in this research:
2.1 Single crystal Growth

The growth of high-quality single crystals is essential for the advancements of
experimental condensed matter and material science research. For many years, most of the
condensed matter experiments relied on polycrystalline samples because good single crystals are
difficult to synthesize. The polycrystals samples are more prone to defects and impurities and
thus the good single crystals have become a necessity in condensed matter experiments. An ideal
single crystal contains a single grain, so the defects like grain boundaries usually seen in
polycrystals can be eliminated. A single crystal has a well-defined crystalline axis and thus the
measurements such as magnetic and electronic transport can be conveniently performed along
different crystal axes. This will help to determine the anisotropic physical properties of a
material. For example, the magnetic properties along different crystal orientation can be known
using a good single crystal sample. In addition, single crystals possess well-defined surfaces and
edges, which makes them suitable for surface-sensitive measurements such as angle resolved
photoemission spectroscopy (ARPES), scanning tunneling microscopy/spectroscopy (STM/S),
etc. This work focuses on vdW magnets, and it is important to obtain good single crystals of
layered materials. This is because high-quality nanoflakes with less defects can be exfoliated

from bulk crystals, providing access to explore 2D physics.
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With all these advantages, physicists and material scientists in the field have been
working to develop techniques for single crystal growth and understand their mechanism to yield
the best-quality single crystals for scientific research. In general, crystal growth occurs in two
stages: (1) nucleation and (2) crystal formation. First, a small number of atoms, ions or
molecules nucleate to form tiny clusters which is known as nucleation. Such small clusters start
bonding with nearby atoms or molecules and increase in size, resulting in growth of larger
crystals. There are different techniques to synthesize single crystals such as flux, chemical vapor
transport (CVT), Bridgman, Optical floating zone (OFZ), and Czocharalski methods. The growth
technique is mainly based on volatility, thermodynamic stability, and the size of the crystals.
Here, we have used the CVT method to grow high-quality sizeable single crystals of pristine and

doped MPXa.

2.1.1 Chemical vapor transport (CVT)

The chemical vapor transport (CVT) method is based on vaporization of source,
transportation of the vapor along some temperature gradient, and condensation at the cold zone.
Both the mixture of starting elements and the polycrystal precursors obtained by solid state
reaction can be used as a source. Depending on the desired target compound, I, TeCls, SeCly,
etc, can be used as transport agent to aid the vapor transportation process. Some layered
magnetic compounds such as MnPSs and Crlz which have volatile elements like S and 1>
respectively can be grown without transport agents. The source end where the starting materials
are loaded is kept at a higher temperature whereas the sink end is relatively colder to maintain
the thermal gradient. When the source end is heated the transport agent reacts with the source to

form intermediate gaseous compounds. The thermal gradient will drive the intermediate
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compound towards the sink where it will disassociate and nucleate as a target compound. This

will happen only if the free energy of formation for the target phase is lower than the
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Figure 2.1: (a) Schematic of chemical vapor transport (CVT) growth. (b) Two-zone furnace used
to grow single crystals of layered magnetic materials through CVT method. (c) Optical
microscope images of various layered magnetic materials synthesized by CVT method.

intermediate gaseous phase at the cold end. After disassociation the transport agent will travel
back to the source, form the intermediate phase and again transport to sink. This process repeats
several times leading to the formation of single crystal mostly at the cold end as shown in Figure
2.1(a). Since this process mainly depend on the transport of source from hot to cold end, the
important factors that determine the successful growth are source and sink temperature,
temperature gradient, the type of transport agent, and amount of source. The optical microscope

images of single crystals of few vdW magnetic materials are shown in Figure 2.1(b).

For MPX3 materials, source elementary powders with proper molar ratio or pre-reacted
polycrystal precursors along with transport agent I» are sealed in an evacuated quartz tube about
15 cm long. Then, it is placed in a two-zone furnace [Figure 2.1(c)] and heated at a suitable

temperature for about 1-2 weeks. The growth tube is heated slowly to high temperatures to avoid
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excessive pressure due to volatile elements. After growth is completed, the furnace is naturally
cooled down to room temperature. The details for growth and the images of the single crystals

studied in this dissertation are summarized in experiment sections of each respective chapters.

2.2 Electrochemical intercalation

The electrochemical intercalations are performed in a two-electrode battery system using
electrochemical workstation (Battery testing system 8.0, Neware) [Figure 2.2(a)]. Figure 2.2(b)
shows the conceptual schematic of electrochemical intercalation process. The setup consists of a
two-electrode system immersed in an electrolyte in which the host single crystal and intercalatant
are fixed on cathode (working electrode) and anode (counter and reference electrode),
respectively. As shown in Figure 2.2(c), a battery is composed of a few other components such
as spring, spacer, and separator. The spacer and spring help to maintain pressure and
compactness inside the battery. The function of separator is to avoid anode and cathode from

touching each other.

In this method, the electrical potential causes electrons to flow from anode to cathode
through the circuit within the battery leading to the intercalation of guest ions into vdW gap of
the host sample (Fig. 5). The total number of ions intercalated into the host can be controlled by
controlling the total amount of charge (i.e., integral current over time) transferred from anode to
cathode. The degree of lithiation x (number of atoms intercalated per mole of host) is calculated
using, x = (ItM)/(eNam), where 1, t, M, e, Na, and m are discharge current, time of intercalation,
molar mass of host, electron charge, Avogadro’s constant, and mass of the host single crystal,

respectively. The detailed electrochemical intercalation process is described in chapter 7.

23



(@ 7 ()

&= Anodecan
«»  Spring
ey
-

Spacer
Li foil
Electrolyte Separator
@  Host (NiPS;)
BN Cathode car

Figure 2.2: (a) Electrochemical workstation used for intercalation. (b) Conceptual schematic of
electrochemical intercalation of guest atoms into layered magnetic materials. (c) Homemade
battery used for electrochemical intercalation.

2.3 Characterization
After successful crystal growth, the next step is property characterization. First, we
determine the elemental and structural phases of the crystals. Then, we characterize their

magnetic and thermodynamic properties as described below:

2.3.1 Energy-dispersive X-ray spectroscopy (EDS)

The elemental characterization of a material is important prior to any measurement. The
elemental composition of a material is characterized by Energy-dispersive X-ray Spectroscopy
(EDS) inside scanning electron microscope (SEM, FEI Nova Nanolab). A high energy electron
beam is focused on to the sample surface, resulting in the ejection of electrons from the inner
shells of an atom. This creates an electron “hole” in the inner shell and the electrons from the
outer shell tend to fill this “hole”, releasing energy in the form of x-ray (Figure 2.3). This x-ray is
the characteristics of each element, depending on their unique atomic structure and electronic
arrangement. Thus, analyzing the energy and intensity of these characteristics X-ray, EDS

provides the elemental composition of any element.
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Figure 2.3: Schematic showing principle of Energy dispersive X-ray spectroscopy (EDS).

2.3.2 X-ray diffraction (XRD)

The crystal structure of a single crystal can be determined by x-ray diffraction (XRD). In
this work, the single crystal and powder XRD are performed using the in-house Panalytical
X’pert Pro MRD and Rigaku XtaLAB Synergy Cu-Ka diffractometers, respectively at room
temperature. Atoms form a periodic arrangement in a crystal, and this periodic lattice diffract
incident x-rays. The adjacent parallel lattice planes with path difference 2dsingd undergo
constructive interference satisfying Bragg’s law (Figure 2.4): 2dsiné = ni, where n is the
diffraction order, A (wavelength of x-ray) = 1.5406 A for Cu-Ka, d is the inter-planar distance

and @ is the diffraction angle.

Different crystals are characterized by different sets of lattice planes. XRD can be used to
determine the interplanar distance of the crystal planes from which lattice parameters and atomic
position can be resolved, which consequently provides accurate structure phase characterization.
In a typical XRD setup, x-ray source is fixed whereas sample holder and detector can be rotated

by angle 6 and 26 respectively. At some angle 6, Bragg’s law is satisfied, and intensity peaks are
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observed in XRD spectrum, which provides the information about the phase and lattice

parameter of the crystals.
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Figure 2.4: Schematic showing principle of X-ray diffraction (XRD).

2.3.3 Magnetization

Magnetization measurements are performed in a physical property measurement system
(PPMS, Quantum Design) [Figure 2.5(a)]. PPMS is able to measure both DC and AC
magnetizations. In this work, we use DC magnetization to study magnetism. In DC
magnetization measurement, the sample is vibrated at a set frequency within the coil set. Due to
the vibration of the sample the magnetic flux changes that induces a voltage in a pickup coil
[Figure 2.5(b)] based on Faraday’s law. This generated voltage is proportional to the
magnetization, amplitude, and vibration frequency. The pick-up coil is used to detect the voltage
generated from the internal field and motion, which consists of series connection of two
counterwound coils just above and below the sample. Finally, the DC magnetic moment with the
sensitivity on the order of 10°-10° emu is determined by measuring the coefficient of the

sinusoidal voltage response from the detection coil.
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Figure 2.5: (a) Dynacool physical property measurement system (PPMS) from Quantum
Design [92]. (b) Coil used for ACMS-I1I magnetization measurement in PPMS [92].

2.3.4 Heat Capacity

Heat capacity (C) measurements provide information about crystal lattice, electronic, and
magnetic properties of a material. We measured heat capacity to understand the magnetic
properties of a sample used in this work. Heat capacity measurements are performed in a
physical property measurement system (PPMS, Quantum Design). Samples with flat surface are
loaded onto a 2x2 mm? platform [Figure 2.5]. The flat surface ensures good thermal contact with
the platform, which is further enhanced by using Apiezon N and H greases for low and high
temperature ranges, respectively. MPXs materials studied in this work display magnetic orders
well below room temperature, so we performed heat capacity measurements below room
temperature and only used Apiezon N grease. Unlike electronic and magnetization measurements
which can be performed under normal vacuum conditions, the heat capacity measurement
requires a high vacuum to minimize thermal transport through the gas medium. It also involves
two steps: (1) the measurement of puck (without sample) to record background heat capacity and
(2) the measurement with the sample which gives the actual heat capacity for sample after

subtracting the background heat capacity i.e., Csample = Ctotal — Cbackground-
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The thermodynamic measurement in PPMS is measured by relaxation technique. The
principle of this measurement is to add heat to the system and monitor temperature change
during sample relaxation. First, heat is supplied at constant power for a short period of time
followed by gradual heat loss to the environment through the supporting wires. The temperature
change on the platform during this heating and cooling cycle is recorded using following

equation:

aT
Crotal E = 'KW(T'TO) + P(t)

Here, Ky is the thermal conductance of the wires, To is the PPMS temperature, P(t) is the power
of the heat, and Ciotal is the total heat capacity (Sample + background). This equation gives the
total heat capacity which will eventually be subtracted with the background heat capacity to give

the heat capacity for the sample only.
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Figure 2.6: Schematic of sample platform for heat capacity measurement in PPMS [92].
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Chapter 3: Highly sensitive spin-flop transition in antiferromagnetic van der Waals material

MPS3 (M = Ni and Mn)

Recent developments in two-dimensional (2D) magnetism have motivated the search for
novel vdW magnetic materials to explore new magnetic phenomenon in the 2D limit. Metal
thiophosphates, MPX3, is a class of magnetic vdW materials with AFM ordering persisting down
to the atomically thin limit. The magnetism in this material family has been found to be highly
dependent on the choice of transition metal M. In this work, we synthesized the intermediate
compounds Ni1xMnxPSz (0 <x < 1) and investigated their magnetic properties. Our study reveals
that the variation of Ni and Mn content in Ni1xMnxPSz can efficiently tune the spin-flop
transition, likely due to the modulation of the magnetic anisotropy. Such effective tunning offers
a promising candidate to engineer 2D magnetism for future device applications. This chapter is
based on our published work in PHYSICAL REVIEW MATERIALS 5, 064413 (2021)

(https://doi.org/10.1103/PhysRevMaterials.5.064413) [64].

3.1 Introduction

Recent breakthroughs in two-dimensional (2D) magnetic materials open a new route in
exploring intrinsic magnetism in the 2D limit. The discoveries of novel 2D magnets [6-11]
provide opportunities not only to understand the mechanism of low dimensional magnetism but
also to design next-generation devices. For example, advances in devices and heterostructures
involving 2D magnets enable the effective tuning of their electronic and magnetic properties,
providing a fascinating platform to study fundamental physics [12-23]. These breakthroughs

have greatly enriched our understanding of magnetism in the 2D limit.

Among 2D magnetic materials, one model system is metal thiophosphates MPX3 (M =
transition metal ions, X = chalcogen ions). MPX3 materials crystallize in a monoclinic layered
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structure with Cm space group, in which the transition metal ions form a honeycomb layer and
carry localized magnetic moments [28,93-95]. The van der Waals (vdW)-type crystal structure
allows for the inter-layer intercalation [89,96-99] and mechanical exfoliations down to
atomically thin layers [10,48,49,100-106]. The magnetic and electronic properties of the MPX3
family are strongly dependent on the choice of the transition metal M. MnPSz, NiPS3, and FePS3
have been found to exhibit Heisenberg-type, XY or XXZ-type, and Ising-type antiferromagnetism,
respectively [31-33,39,46,107]. The Neel temperature (Tn) also varies with transition metal M,
increasing from 78 K for MnPSs, to 118, 122, and 155 K for FePSs, CoPSs, and NiPSs,
respectively [31-36]. Besides magnetism, the electronic properties of MPXz are also tunable with
M, exhibiting a wide range of band gaps from 1.3 eV for FePSes to 3.5 eV for ZnPS3 [28].
Recent studies on NiPS3 and MnPS3 have established these materials as platforms to study
correlated electrons in 2D magnetic materials [104,108,109]. Furthermore, theoretical and
experimental high-pressure studies revealed insulator-to-metal transitions in MnPS3 [109,110],
MnPSes [110], FePSs [111-114], NiPS3 [109,115] and Vo.oPS3 [113,116], and even the

emergence of superconductivity in FePSes [117].

The structural similarity of the MPX3 materials allows for the synthesis of polymetallic
“mixed” compounds with substitution of transition metal M [51-61]. Varying lattice constant
and magnetic moments through elemental substitution is an effective way to tune magnetism and
probe the underlying physics of magnetic materials. Coupling of magnetism with lattice
constants and symmetries in MPX3 has been theoretically predicted [30]. Tuning of magnetism
has also been observed in mixed compounds such as MnyFe1xPSsz, Mni.xFexPSes FeosNiosPSs

and Mn1xZnxPSs3 [51-61]. For example, magnetic order and spin orientations in MnPS3 can be
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systematically tuned by Zn substitution for Mn [51-53]. Spin glass is also found to arise from the

competing 3d magnetism in Mn substituted FePS3 [54-56].

In this work, we report the systematic study on previously unexplored Ni1xMnyPSz (0 < x
< 1). We synthesized single crystals and characterized the evolution of magnetic properties with
substitutions. In addition to the known field-induced spin-flop (SF) transition in MnPSs, we have
also discovered the previously unreported SF transitions in NiPSs. Furthermore, we found these
SF transitions are extremely sensitive to magnetic substitutions, likely due to the re-orientation of
the magnetic moments of 3d elements controlled by trigonal distortion of MSe octahedral. Such
tunable magnetism offers a promising platform for studying new phenomenon arising from 2D

magnetism and future device applications.

3.2 Experiment

Single crystals of Ni1xMnxPSs (0 < x < 1) used in this work were synthesized by the
chemical vapor transport method using |2 as the transport agent. Elemental powders with
stoichiometric ratio were sealed in a quartz tube and placed in a two-zone furnace with a
temperature gradient from 750 to 550 °C for 1 week. Millimeter to centimeter size single crystals
with various colors have been obtained, as shown in the insets of Figure 3.1(a). These crystals
are thin plate-like and easily exfoliable with hexagonal facets which are consistent with the vdwW
structure of MPX3 shown in Figure 3.1(b). The elemental compositions examined by energy-
dispersive x-ray spectroscopy (EDS) reveal successful Ni-Mn substitution. We have carefully
characterized the compositions of all the Ni1xMnxPSsz single crystals used in this paper. The Mn
contents x throughout this paper are measured values. In addition to composition analysis, the x-
ray diffraction (XRD) on single crystals also indicates successful substitution. As shown in

Figure 3.1(a), the (O0L) diffraction peaks exhibit a systematic low-angle shift with increasing x in
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Ni1«MnyPSs, which is consistent with the greater ionic radius of Mn?* as compared with Ni?*,

respectively.
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Figure 3.1: (a) Single-crystal x-ray-diffraction pattern forNi, ,Mn,PS, showing the (00L)
reflections. Right panels show (001) diffraction peak. Inset: Optical microscope images of the
single crystals. (b) Crystal structure of MPS; (M = Ni/Mn).

3.3 Results and Discussion

In Figure 3.2 we present the magnetic property characterizations for pristine MnPS3 and
NiPS3. For MnPSs, below the Néel temperature Tn ~ 78 K, a spin-flop (SF) transition can be
observed in the isothermal magnetization measured under out-of-plane magnetic field (H_Lab)
[Figure 3.2(a)] but is absent under in-plane field (H//ab) [Figure 3.2(b)], which is consistent with
the previous reports [10,44,60,106,118]. Although the SF transition is largely explored in both
bulk and atomically thin MnPSs, it has not been directly discovered in other members of this
family except FePSs, in which a metamagnetic transition occurs at very high field («oH > 35
T) [119]. Here we report the first discovery of SF transition in NiPSz. Unlike in MnPSgz in which

the SF transition occurs when H.Lab, the metamagnetic transition in NiPSs takes place with in-
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plane field, which is characterized by a clear upturn in magnetization above a critical spin-flop

field uoHsr = 6 T below the Néel temperature Ty = 155 K, as shown in Figures 3.2(d) and

3.2(e). The need for relatively high magnetic field could be the reason that prevented the
discovery of SF transition in earlier studies [31,120]. On the other hand, the recent magneto-
photoluminescence experiment implies a spin re-orientation in bulk NiPSz under a much higher
in-plane magnetic field of 15 T [104]. Such a high critical field, which is 2.5 times higher than
that in our magnetization measurements, might be attributed to the nature of photoluminescence

as an indirect probe.

In MnPS3 and NiPSs, the SF transition occurring under different field directions is in line
with their magnetic structures: The Mn moments in MnPSg are aligned along out-of-plane
direction [44,53], while the Ni moments in NiPSs mostly lie within the plane [31,103,120], as
shown in the insets of Figures 3.2(b) and 3.2(c), respectively. In collinear AFM systems, a
magnetic field along the easy axis exceeding a critical spin-flop field Hsr forces the magnetic
moments to rotate [121,122]. In such a SF state, the moments re-orient themselves to a canted
configuration perpendicular to the field direction, resulting in a net moment along the easy
axis [121,122]. Therefore, the SF transition behaves differently in MnPSz and NiPSg3, as
illustrated in Figs. 3.2(g) and 3.2(h). Furthermore, because the in-plane projection of Ni moments
in NiPSz forms a collinear AFM structure along the a-axis [Figure 3.2(c), lower inset], the SF
transition is expected to show in-plane anisotropy. To examine this, we measured magnetization
with the magnetic field applied along or perpendicular to the hexagonal edges of a NiPSz single
crystal, as shown in Figure 3.2(e). Indeed, magnetization and SF transition are found to be

dependent on in-plane field-orientations.
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Figure 3.2: Field induced spin flop transitions in pristine MnPS; and NiPS;. (a-b) Isothermal
magnetization of MnPS; at different temperatures under (a) H.Lab and (b) Hj|ab. Inset in (b):
magnetic structure of MnPS;. (c-d) Isothermal magnetization of NiPS; at different temperatures
under (a) HLab and (d) H|lab. Upper inset in (c): 3D view of magnetic structure of NiPS5. Lower
inset in (c): Top view of magnetic structure of NiPS;. Inset in (d): Isothermal magnetization at 50
— 140 K measured with H||ab. The same color code is used to indicate temperatures for (a-d). (e)
Isothermal magnetization at 2 K under H||ab with different in-plane field orientations. Inset:
Optical microscope image of NiPS; single crystal with arrows pointing the applied field
direction. (f) Temperature dependence of susceptibility of NiPS; measure with 1, 3,5, 7, 8, and 9
T fields, measured with H||ab. Inset: Temperature dependence of susceptibility at 9 T under
H||ab. The solid and doted lines represent zero-field cooled (ZFC) and field-cooled (FC) data,
respectively.

The scenario of SF transition in NiPSg is also supported by the temperature dependence
of magnetic susceptibility. As shown in Figure 3.2(f), susceptibility measured with in-plane field
() displays a low temperature upturn, which becomes more significant at higher fields («oH > 5
T). A similar low temperature upturn has been observed in MnPSz [60]. In addition, the zero-

field cooling (ZFC, solid lines) and field cooling (FC, dashed lines) data display weak but clear
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irreversibility above 5 T, which also becomes more visible at higher fields. The development of
low temperature upturn and irreversibility can be understood in terms of the ferromagnetic
component from the uncompensated canted moments along the easy axis in the SF state, as
illustrated in Figure 3.2(h). This irreversibility disappears at 140 K when applying 9 T field,
coinciding well with the temperature above which the SF transition vanishes as seen in the
isothermal magnetization [Figure 3.2(d), inset]. Such 140 K “disappearing temperature” is lower

than the magnetic ordering temperature Ty = 155 K, which can be attributed to the fact that a

greater field is needed for SF transition at higher temperatures, particularly when approaching Tn.
Hsr enhancement upon increasing temperature is widely seen in other SF systems [10,123-127],

which can be interpreted using the molecular field theory [122,127]: In a weakly anisotropic

antiferromagnet, spin-flop field Hsr can be estimated by (Hsr)? = 2K/(y1 - 1), where K is the
anisotropy constant, y1 and yj are the perpendicular and parallel susceptibilities,

respectively [53,122,127,128]. Generally, in AFM systems the difference between y1 and y

reduces more quickly than the magnetic anisotropy constant K upon increasing temperature,

leading to enhanced Hsr [127].

The distinct SF transitions in NiPSz and MnPS3 due to their different magnetic structures
[Figures 3.2(g) and 3.2(h)] motivate us to further study the “mixed” compounds Ni1xMnxPSs. As
shown in Figure 3.3, the magnetism is highly tunable with Ni-Mn substitution. Under both in-
plane [H||ab, Figure 3.3(a)] and out-of-plane [H_Lab, Figure 3.3(b)] magnetic fields, the
magnetization exhibits a systematic enhancement with increasing Mn content X, which is
consistent with the much larger magnetization of the pristine MnPS3 than that of NiPSz [Figures
3.2(a-d)] and can be ascribed to greater magnetic moment of Mn?* than Ni?*. Interestingly, we

found that the SF transitions are extremely sensitive to Ni-Mn substitution. The SF transition in
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NiPSsz under in-plane field disappears with 5% Mn substitution (i.e., X = 0.05 in Ni1-xMnyPS3).
Similarly, under out-of-plane field, Hsr in MnPSs is reduced by half with 5% Ni substitution

(i.e., x = 0.95) and disappears upon 10% substitution (x = 0.9).
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Figure 3.3: (a-b) Isothermal magnetization of Ni;_ . Mn,PS, samples (0 <x < 1) at T =2 K under

(a) Hjlab and (b) HLab. The same color code is used to indicate temperatures for (a) and (b). (c)
Trigonal distortion in MPS3 compounds. z-axis is the trigonal axis. (d) Isothermal magnetization
of Ni;,Mn,PS,(x = 0 and 0.05) at T = 2 K under H|ab (Left panel) and H Lab (Right panel).

Inset: zoom in of the low-field magnetization. () Isothermal magnetization of Ni,_,Mn,PS, (x =

0.95and 1) at T = 2 K under Hj|ab (Left panel) and HLab (Right panel). Inset: zoom in of the
low-field magnetization.

Further insights can be gained from the careful comparison between the isothermal
magnetizations. In Figure 3.3(d) we show isothermal magnetization M(H) of NiPSs (i.e., x = 0)
and 5% Mn-substituted (i.e., x = 0.05) samples, reproduced from Figures 3.3(a) and 3.3(b). With
Mn substitution, in addition to the enhancement of magnetization and the absence of SF

transition as mentioned above, another interesting behavior is the sublinear field dependence at
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low fields. Such nonlinear M(H) is more pronounced under in-plane field [Inset, Figure 3.3(d)],
i.e., the magnetic field direction that SF transition occurs for NiPSz. Similarly, at the MnPS3 side,
5% Ni-substitution (x = 0.95) also introduces remarkable low field nonlinearity in M(H) under
out-of-plane field, as shown in the inset of Figure 3.3(e). Such nonlinearity has been verified
with multiple samples and careful removal of background signal from the sample holder. The
observed low field sublinear M(H) in lightly substituted compounds is in sharp contrast with the
linear M(H) in pristine NiPSz and MnPSs, implying the development of ferromagnetic
component with substitution. Such behavior has also been observed in Zn-substituted MnPSs.
The previous study [53] on Zn substitution for Mn in MnPS3 suggests the breakdown of long-
range magnetic order due to non-magnetic impurities in local substituted regions, which leads to
“weakly bound” Mn moments. The polarization of these Mn moments causes the low-field
nonlinear M(H). Another study [52] also propose that for MnPSs in which the dipolar anisotropy
dominates, the local dipole field is along the out-of-plane direction. As the consequence, when
Mn-magnetism is diluted by Zn substitution, the absence of the magnetic moment of one Mn site
would affect the closest Mn in the neighboring layers and cause their magnetic moments to be
canted, leading to an average staggered magnetic moment in a larger scale [52]. Similarly, the
nonlinear M(H) at low fields in our Ni1.xMnxPSs samples can likely be attributed to the
polarization of canted moment originating from substitution. This scenario is further supported
by the temperature dependence of susceptibility measurements. As shown in Figure 3.4(a),
consistent with the nonlinear M(H) seen under Hljab in the x = 0.05 sample [Figure 3.3(d), inset],
the in-plane susceptibility (yy) displays a clear upturn at low temperatures that suggests the
development of a ferromagnetic component due to moment canting. Likewise, close to the

MnPSs side, for x = 0.95 sample in which the nonlinear M(H) is significant [Figure 3.3(e), inset],
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a susceptibility upturn is also seen, as shown in Figure 3.4(c). The upturn becomes more obvious

with increasing the Ni content to 10% (x = 0.9), as shown in Figure 3.4(b).

The tunable SF transition and the presence of a ferromagnetic component by Ni-Mn
substitution is expected because of the distinct magnetic structures in NiPSz and MnPSs.
However, the observed high sensitivity to light substitution is surprising. For example, only 5%
Ni substitution can substantially reduce Hsr by half in MnPSs, which is much less than the
amount of Zn needed (~20%) to reduce Hsr by the same amount [53,60]. The Hsr suppression by
non-magnetic Zn substitution has been ascribed to the reduction of magnetic anisotropy with
magnetic dilution [53]. The Ni-Mn substitution in our Ni1.xMnyPSs, however, induces magnetic
impurities. Hence, it is necessary to consider magnetic interaction to understand the observed
sensitive doping dependence in Ni1xMnxPSs. In MPX3 compounds, magnetism has been found to
be related to a structural distortion [23,80-83]. As illustrated in Figure 3.3(c), every metal atom
M in MPX3 is located at the center of an octahedron formed by six X atoms. Such MXs octahedra,
however, possess a trigonal distortion that is characterized by the angle 6 between the trigonal
axis (perpendicular to the ab-plane) and the M-S bond. Therefore, magnetism in MPX3 can be
described by an isotropic Heisenberg Hamiltonian with additional single-ion anisotropy due to

2 where J and

1z

the combined effect of crystal field and spin-orbit splitting: H = —23/S5;S; + DS
D are the exchange and crystal field parameters, respectively [39]. The relative strength of J and
D leads to various magnetic structures in MPXs, so the trigonal distortion plays critical role in
determining the nature of magnetic interactions in MPX3 [39,41]. In NiPS3 and MnPSs, 6 has
been found to be 51.05° and 51.67°, respectively [41]. Compared with 6 =~ 54.75° for the
undistorted octahedra, the greater trigonal distortion in NiPSz leads to much stronger single-ion

anisotropy (0.3 meV) than that of MnPSz (0.0086 meV), as revealed by inelastic scattering
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measurements [33,40,41]. This causes the Ni moments to be aligned within the basal plane
perpendicular to the trigonal axis, with a small out-of-plane component likely due to weak
dipolar anisotropy, as shown in the insets of Figure 3.2(c) [34,39,45]. In contrast, the effect of
crystal field and spin-orbit splitting is found to be negligible for the high spin ground state of
Mn?* in MnPS3 [39], so the magnetism of the less distorted MnPSs is governed by the dipolar
anisotropy that leads to out-of-plane moment direction with small tilt towards a-axis [33,44,45],
as shown in the inset of Fig. 2b. Therefore, the tuning of trigonal distortion by Ni-Mn
substitution would significantly affect the magnetic isotropy and further efficiently modify the
SF transitions. A similar mechanism has also been proposed for the suppression of Hsr in MnPS3

under pressure [45].

In addition to magnetic anisotropy, magnetic exchange interaction may also play an
important role. The magnetism in MPX3 is mainly mediated through superexchange interaction,
thereby affected by the M-X-M bonding angle [39,40]. Additionally, the d-electron occupancy of
M is important in determining the sign and the nature of the superexchange [39-41]. The 3d
orbitals of M2* ion consist of high energy eq and low energy t2q groups, and their occupancies
determine the strength of the exchange interactions [41,129]. This has recently been
demonstrated by the inelastic neutron scattering measurements which reveals reduced exchange
interactions in CoPSsz as compared to NiPSs due to distinct occupancy of tog orbital [41]. A
similar scenario should also occur in Ni1xMnxPSs, in which the Ni-Mn substitution modifies the
magnetic exchange. Indeed, the magnitudes of all the exchanges, except the weakest second
nearest-neighbor interaction (J2), are found to systematically increase with decreasing spin on

M?2* jon and increasing M-S-M bond angles from MnPSs to NiPS3 [40,41,129].

39



(a) x=10.05

(b)x=0.9 (c)x=0.95

T

o 4

1 1 1

8/-\
4 . ) . i

(emu/mol Oe)

M =117 =
<09 Hl|ab s

0.8!.-‘"_-.!'...

T10}

1

0 50 100 150 200 0 50 100 150 200 0 50 100 130 200
T(K) T(K) T (K)
(d) (e) 200 —
® ) - single crystal
Ps A ¥ - polycrystal
Q .. ¢ C
3 —_ A
£ 2100 PM
8 = . es o0
AFM AFM
o 0 | | by | |
50 100 150 00 02 04 06 08 1.0
I'(K) x in Ni; Mn PS,
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Data are shifted for clarity. (¢) Magnetic phase diagram of Ni;_ Mn,PS, (0 <x < 1). The
transition temperatures are determined by susceptibility measurements on single- (y-single
crystal) and poly-crystals (y-polycrystal), and heat capacity (C).

Among the magnetic anisotropy and magnetic exchange interactions, the former may

govern the SF transitions in Ni1xMnxPSs. The magnetic ordering temperature is related to the

strength of the magnetic interaction. We have extracted Tn for Ni1-xMnxPSz from magnetic

susceptibility and heat capacity measurements, as summarized in Figure 3.4(e). For both NiPS3

and MnPSg, Tn decreases with substitution until reaching a minimum value of ~12 Kin x = 0.5

sample. A similar trend has also been observed in other mixed MPX3 systems such as Mn-

xZNxPS3 [60], Mn1.xFexPS3 [56], and MnixFexPSes [61]. Several mechanisms [60] [56] [61] have
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been proposed for the suppression of T, such as the attenuation of the magnetic interaction due
to disordered arrangements of the mixed metals ions with dissimilar ionic radius and outer shell
electrons, and magnetic frustration among the 3d metal ions in the magnetic sites owing to
competition between two different AFM structures. The strong variation of T in heavily
substituted Ni1xMnxPSz samples may also share similar scenarios. However, for lightly
substituted samples with x close to 0 or 1, Tn only changes slightly as compared to the parent
compounds NiPSz and MnPSa. It is quite interesting to find that the light Ni-Mn substitution only
weakly alters the magnetic ordering temperature but drastically suppresses the SF transitions.
This suggests that the efficient suppression of the SF transition with light magnetic substitution
in NitxMnxPS3 can be attributed to the tuning of single ion isotropy rather than exchange

interaction.

3.4 Conclusion

In conclusion, we have demonstrated very efficient tunning of the SF transition by light
Ni-Mn substitution, which is likely attributed to single ion isotropy tuned by trigonal distortion.
Such strong sensitivity suggests that magnetic substitutions can be an effective technique to
control magnetism in MPX3 vdW magnetic materials, leading to a deeper understanding of low
dimensional magnetism and providing insight into strategies for future magnetic device

development.
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Chapter 4: Field-induced ferromagnetism in Cr-substituted antiferromagnetic van der Waals
material NiPS3

Recently, tuning magnetism in layered magnetic materials has intensified for both
fundamental research and practical applications. Tunable magnetism has been widely studied in
AFM metal thiophosphates MPXs compounds. Metal M substitution has become an important
strategy to tune their AFM properties. In this work, we performed Cr substitution in NiPSz and
characterized their magnetic properties. Our study reveals field-induced AFM to ferromagnetic
(FM) transition in Cr-substituted NIPSs, which is likely due to suppression of magnetic
anisotropy upon Cr substitution. Such rise of FM state provides a promising material candidate
to investigate 2D magnetism for future device applications. This chapter is based on the

manuscript under preparation.

4.1 Introduction

Tuning magnetism in two-dimensional (2D) magnetic materials provide deep
understanding of the underlying magnetic interactions as well as broaden their scope for
potential applications in next-generation devices [6-24,47-50,130]. The magnetic properties in
layered magnetic materials have been found to be efficiently tunable with doping [37,51-80].
Introducing guest atoms in van der Waals (vdW) magnets can control the spin orientation which
leads to novel magnetic phenomenon arising from 2D magnetism.

Extensive efforts such as substitutions of metal [51-66] and chalcogen [37,72-75], and
inter-layer intercalation [78-80] have been put to tune the AFM ground state in MPXz (M =
transition metal ions, X = chalcogen ions) [51-66,74,75,78-80]. Various AFM spin
configurations can be obtained through M and X substitutions. Recently, ferromagnetism has

been predicted in metal-substituted MPX3 [85]. However, metal substitutions in MPX3 [51-66]
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are unable to achieve ferromagnetic (FM) phases. In fact, establishing FM interactions through
traditional approach of isovalent metal substitution is challenging in MPX3 [131]. Doping charge
carriers might be an effective route to drive AFM to ferromagnetic (FM) transition in

MPX3 [30,85]. The charge carriers have been doped via inter-layer intercalation [78,80,88], but
ferromagnetism still remains elusive. Only transition to ferrimagnetic (FIM) state has been
successful in intercalated MPX3 [78,80,88].

The pursuit of ferromagnetism in MPXs is still going on, and recent theoretical works
have predicted the topological nontrivial phases in ferromagnetic MPX3 [90,91]. In addition,
stabilizing ferromagnetism in MPX3 would make them more accessible to study 2D magnetism
because FM states are more detectable at the nanometer scale using technigues such as magneto-
optical Kerr effect microscopy [6,7], polar reflective magnetic circular dichroism (RMCD) [132]
and x-ray magnetic dichroism (XMCD) [133]. These measurement techniques could be
challenging to probe AFM ordering because of the absence of net magnetization. So, the rise of
FM states in MPX3 would provide a rare platform for investigating the interplay between
magnetism and band topology in 2D.

Substituting metals such as Mn [62,64], Fe [63,66], Mg [134] and Cd [135] in NiPS3
have resulted in tunable AFM properties, but ferromagnetism is still lacking. In this work, we
have performed light Cr doping in NiPSs. Our work reveals field-induced transition to FM phase
upon inclusion of small amount of Cr, which has never been observed before in NiPSz. Such
ferromagnetism is likely due to lowering of magnetic anisotropy due to Cr substitution that
enables the magnetic field to easily polarize the moments. Our study provides a novel platform to

study 2D magnetism in MPX3 and develop magnetic materials-based nanodevices.
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4.2 Experiment

The Ni1xCrPS3 (0 < x <0.09) single crystals used in this work were synthesized by a
chemical vapor transport method using I as the transport agent. Elemental powders with desired
ratios were sealed in a quartz tube and heated in a two-zone furnace with a temperature gradient
from 750 to 550 °C for a week. The elemental compositions and crystal structures of the
obtained crystals were examined by energy-dispersive x-ray spectroscopy (EDS) and x-ray
diffraction (XRD), respectively. Magnetization measurements were performed in a physical

property measurement system (PPMS, Quantum Design).

4.3 Results and discussion
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Figure 4.1: (a) Magnetic structure of NiPSs. (b) Optical microscope images of Ni1-xCrxPSz single
crystals. (c) Energy dispersive x-ray spectroscopy (EDS) spectra for Ni1-xCrxPSz samples. (d)
Powder x-ray-diffraction pattern for Ni1-«CryPSz samples.
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NiPSz exhibits zig-zag AFM structure with magnetic moments lying mostly along the ab-
plane as shown in Figure 1(a) [31]. Within the ab-plane, the Ni** moments form a bi-collinear
AFM order consisting of ferromagnetic (FM) chains along the a-axis [66]. The AFM interactions
among these chains have been found to be robust in NiPSz. A high in-plane magnetic field of B >
6 T is required to trigger the metamagnetic spin-flop (SF) transition that leads to canted
configuration of two AFM sublattices [64]. Further increasing the magnetic fielduptoB=14T
is insufficient to fully polarize the moments [136], suggesting the strong AFM interaction in
NiPSz. The spin orientation in NiPSs can be modified through metal substitution [62-64,66], but
the magnetic ordering still remains AFM. So far only the evidence of ferrimagnetism due to
inter-layer intercalation has been observed in NiPSz [78-80]. This implies that the novel
magnetic states are not easily accessible in NiPSs.

The situation is different in layered Cr-based AFM materials such as
CuCrP2Se [137,138], CrPS4 [139], CrCls [140], and CrSBr [141], which exhibit AFM to FM
transition conveniently under magnetic field. In these materials, the oxidation state of Cr is +3
with 3d? electronic configuration. In this case, the lower tzq level is half filled that leads to a
quenched orbital moment for Cr®* ion [142]. So, the spin-orbit (SOC) which is a key source of
magnetocrystalline anisotropy is weak for Cr3* ion resulting in a smaller single ion anisotropy.
Such a smaller magnetic anisotropy has been attributed to FM polarization of the moments at
relatively lower field in Cr-based AFM materials [140]. Given such behavior has been frequently
observed in Cr-based antiferromagnets, incorporating Cr in MPX3 lattice may facilitate similar
AFM to FM transition. However, the study of Cr-based MPXz materials is still rare. Only
CrPSes [143], CuCrP2Se [137,138], and AgCrP2Se [144,145] have been experimentally realized,

but no report for CrPS3 yet. As mentioned above, Cr ion exhibits +3 valence state in most of the
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Cr-based antiferromagnets, while metal ions in MPX3 have M*2 state. This suggests that
stabilizing Cr ions in MPX3 could be challenging. So, a new method of replacing M*2 by
(M™)o.5(M *3)05 has been adopted to accommodate Cr*3 with M** (M = Cu or Ag) ion in MPXs,
which resulted in quaternary compounds such as CuCrP,Se [137,138] and AgCrP2Se [144,145].

The Cr substitution in MPX3 is indeed difficult as compared to other metal ion
substitutions. Like other metal-substituted NiPS3z [62—64,66,134,135], we performed direct Cr
substitution in NiPS3z using CVT technique. Complete substitutions of Mn [62,64] and Fe [63,66]
in NiPSz have been successful through CVT. However, using similar growth methods we were
only able to introduce about 10% Cr in NiPSz despite of Cr amount in the source. As shown in
Figure 1(b), we obtained good Cr-substituted NiPS3 (Ni1xCrxPSs) single crystals with
compositions x = 0, 0.012, 0.035 and 0.09. The successful Cr substitution has been confirmed by
composition analysis using EDS. Given such a low amount of Cr, we have been careful in
elemental analysis. The final compositions were determined after confirming homogeneous
elemental phase in multiple locations of the crystals. As shown in EDS spectra for x = 0 to 0.09
in Figure 1(c), with increasing Cr content the relative intensity for Cr element enhances at the
expense of Ni intensity [Black arrow in Right panel of Figure 1(c)], indicating successful Cr
substitution in NiPSs.

When metal ions are substituted in MPXs, the crystal structure remains same [51-66] but
the lattice parameters change if two metal ions are of different size. Here, the crystal lattice for
NiPSs3 remains intact up to 9% Cr doping as demonstrated by the similar XRD spectra without
peak shift for x = 0-0.09 samples [Figure 1(d)]. The unchanged crystal lattice is reasonable in

case of such light doping, considering the fact that NiPSez and CrPSes have identical crystal
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structure and similar lattice parameters [143]. Furthermore, the XRD spectra reveals no impurity
peaks, suggesting the lack of impurity phases like CrPS4, Cr,Sgs, etc. in Cr-doped samples.

On slight increment of Cr from 9% to 11%, we found large vacancy (= 25%) on metal
sites resulting in final composition of Nio.s4Cro.11PS3. Similar metal vacancy is observed in V-
based MPX3 such as Vo.7sPSs [146] and Vo.9PS3 [116], which has been ascribed to the presence of
mixed valence states V2* and V' on the V sites. This implies that Cr ion in the compositions
without vacancy i.e., up to x = 0.09 must have +2 valence state. In fact, +2 valence for Cr (i.e.,
Cr2*) has been confirmed in CrPSes [143]. Nevertheless, mixed valence states i.e., Cr?* and Cr3*
could also exist in Nio.s4Cro.11PSs given the fact that +3 valence for Cr is commonly seen in many
layered magnets [137-141]. Such a large vacancy due to mixed valence could be the reason for
unsuccessful Cr substitution higher than 11%. Substituting more Cr into the system might
enhance the metal vacancy, which could destabilize the crystal lattice.

Since the presence of vacancies on metal sites will affect the magnetic correlation within
the metal plane, we mainly focused on magnetic properties of Cr-substituted samples without
vacancy i.e., up to x = 0.09. To investigate the effects of Cr substitution on magnetic properties,
we measured the field dependence of magnetization M(B) for Ni1xCrPSs (x = 0-0.09) samples
under the in-plane [B//ab, Figure 2(a)] and out of plane [BLab, Figure 2(b)] magnetic fieldsat T
=2 K. As shown in Figures 2(a and b), the magnetism is found to be highly tunable with Ni-Cr
substitution. Under both B||lab and B_Lab magnetic fields, the magnetization exhibits a systematic
enhancement with increasing Cr content x, which is consistent with the greater magnetic moment
for high spin state of Cr?* (S = 2) than Ni?* (S = 1) [143]. No saturation of magnetization has
been observed in pristine NiPSz (x = 0) up to B = 9 T field, consistent with a previous report [64].

Similar lack of saturation is also seen in isothermal magnetization M(B) of samples up to x =
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0.035 [Figures 2(a and b)]. On further increment of Cr amount to 9% (x = 0.09), we found the
field-induced saturation of magnetization above a saturation field Bsat =~ 8 T along both in-plane
and out-of-plane directions at T = 2 K [Black arrows in Figures 2(a and b)]. Such magnetization
behavior can be attributed to ferromagnetic polarization of moments along the field direction.
Furthermore, the Bsat is found to be suppressed with increasing temperature, and finally the
saturation behavior vanishes when T > 30 K [Figures 2(c and d)]. The disappearance of
magnetization saturation above T = 30 K is consistent with the AFM to paramagnetic (PM)
transition above ordering temperature Ty = 32 K as seen in the temperature dependent
susceptibility (y) for x = 0.09 [Figure 2(e), Black triangle] and more precisely defined as the peak
position in dy/dT [Inset, Figure 2(e)]. The reduction of Bss can be ascribed to additional thermal

energy upon heating, which will facilitate the saturation of moments.
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Figure 4.2: (a-b) Isothermal magnetization of Ni;xCrPSz at T = 2 K under (a) B||ab and (b)
B_Lab. (c-d) Isothermal magnetization of x = 0.09 sample at different temperatures under (c)
Bl|lab and (d) B.Lab. The dashed lines denote Bsat. (€) Temperature dependence of susceptibility
(x) at B =0.1 T under Bj|ab (Blue) and B_Lab (Red). The black triangles denote Tn. Inset:
Temperature dependence of derivative dy/dT.
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As seen in Cr-based AFM materials with low magnetic anisotropy [137-141], the
moments polarize under magnetic field high enough to overcome the magnetic anisotropic
energy. The saturation of magnetization in x = 0.09 Cr-substituted sample at Bsat = 8 T, which is
not seen in NiPS3 (x = 0), implies weaker magnetic anisotropy as compared to pristine NiPSz.
The tuning of magnetic anisotropy in MPX3 can be understood by the evolution of SF
transition [45,53,64,74]. As seen in Figure 3(a), a metamagnetic transition takes place in pristine
NiPSz (x = 0) with an in-plane field, which is characterized by a clear upturn (shown by blue
arrows) in isothermal magnetizations M(B) at T = 2 K. Such metamagnetic transition under an in-
plane field in NiPSs has recently been attributed to SF transition [64], which is consistent with
the nearly in-plane alignment for Ni moments [31]. The SF transition in NiPS3 has been
significantly modified upon Cr substitution. With increasing Cr content x, the SF transition is
strongly suppressed, as manifested by the less-obvious magnetization upturn and reduced SF
field (Bsr). In addition, the SF transition is observed only for B|jab field (Blue arrow) in x = 0-
0.035 samples while it appears under both in-plane (Blue arrow) and out of plane (Red arrow)
magnetizations in x = 0.09 sample.

The Bsr suppression is observed in MnPSs when Mn is substituted by Zn [53] and
Ni [64]. In MnPS3, 20% Zn substitution is needed to reduce Bsr by half whereas only 5% Ni
substitution is sufficient to decrease Bsr by the same amount [53]. The reduction of Bsr by non-
magnetic Zn substitution has been ascribed to the weakening of magnetic anisotropy with
magnetic dilution [53]. Similarly, the modification of magnetic anisotropy is also attributed to
decreasing Bsr in Ni-substituted MnPSz [64]. Such tunable SF transition in MnPSs can be
understood in terms of its weakly anisotropic magnetism with negligible single-ion anisotropy

(0.0086 meV) [147]. Now, with much stronger single-ion anisotropy (0.3 meV) for NiPS3 [40],
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the moment reorientation must be more difficult than MnPSz. This can be explained by higher
Bsr for NiPS3 as compared to MnPSz [64]. In fact, the Bsr in MPS3 increases with enhancing
magnetic anisotropy in the order MnPS3<NiPS3<FePSs [44,64,119]. Therefore, tuning SF
transition in NiPSz could be more difficult than MnPSz. Surprisingly, the SF transition in NiPSs3
is found to be highly sensitive to light Cr substitution. The Bsr exhibits monotonic decline with
the addition of Cr in NiPSs [Figure 3(b)]. For B||ab field, the Bsr is substantially reduced from
Bsr~ 8.2 T (for x = 0) to Bsr~ 0.6 T (for x = 0.09) at T = 2 K. The appearance of SF transition at
Bsr~ 0.6 T for x = 0.09 is consistent with low-field metamagnetic SF transition (below B<1T)
widely seen in weakly anisotropic layered Cr-based AFM materials [137-141]. Such suppression
of Bsr in Cr-substituted NiPSsz indicates reduced magnetic anisotropy. This is suggestive of more
controllable moment orientation in NiPS3 upon Cr substitution, which will favor the moments to

rotate and eventually flip towards field direction as seen in x = 0.09 sample.
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Figure 4.3: (a) Isothermal magnetization of Ni1-«CrPSsz at T = 2 K under B||ab (Blue) and B_Lab
(Red) reproduced from Figure 4.2 (a and b). The blue and red arrows show spin-flop field (Bsr)
under Bl|ab and B_Lab, respectively. The dashed lines guide to eye. (b) Doping dependence of
Bsr.
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In MPX3, the moment orientation is related to the strength of single-ion anisotropy. For
example, the negligible single-ion anisotropy in MnPS3 [147] leads to the out of plane moment
direction with small tilt towards a-axis [44,45,147]. Whereas with relatively higher single-ion
anisotropy in NiPSs [40], the magnetic moments are confined within the ab-plane [31].
Similarly, with lowering magnetic anisotropy upon Cr substitution in NiPS3, we can expect
rotation of moments from the in-plane towards out of plane direction. The moment reorientation
with Cr substitution is illustrated in the schematic depicted in Figure 4. As Cr content X is
increased, the magnetic moments start to rotate away from the basal plane. Though moments
reorientation occurs for x = 0.012 and 0.035 samples, they still lie closer to the ab-plane because
these samples exhibit SF transition only for B||ab field [Figure 3(a)]. Further increasing the Cr
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Figure 4.4: Conceptual schematic of moment reorientation in NiPSz with Cr substitution up to x
= 0.09 in Ni1xCrxPSs. For x = 0.09 sample, the evolution of moment orientation under in-plane
and out of plane magnetic fields are demonstrated.

content will enhance the moment canting towards the out of plane direction. This can be seen in
x = 0.09 sample for which weak but clear metamagnetic transitions appear under both in-plane

(Blue arrow) and out of plane (Red arrow) fields [Figure 3(a)]. The SF transition for both B|jab
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and B_Lab fields is different than that of Cr-based AFM materials [137-141], where the SF
transition is observed only for magnetic field component parallel to their easy axis. Such distinct
SF behavior can be attributed to canted configuration for magnetic moments. As seen in Figure
3(a), the Bsr along in-plane direction is slightly lower than that of out of plane direction. This
suggests that the moments for x = 0.09 sample are canted slightly more towards the in-plane than
out of plane direction. With such canted AFM ordering in x = 0.09, both B||ab and B_Lab fields
can induce moment reorientation to SF phase at B = Bsr as shown in Figure 4. Further increasing
the magnetic field (Bsr < B < Bsat) will gradually rotate the canted moments and eventually flip
them towards the field direction when B > Bsat.
4.4 Conclusion

In conclusion, we have studied the magnetic properties of previously unreported Cr-
substituted NiPSs. We found that Cr substitution leads to AFM to FM transition in NiPSs, which
is likely attributed to reduction of magnetic anisotropy. Our work provides a novel material
choice in MPX3 family to study 2D magnetism and design nanodevices based on magnetic

materials for spintronics applications.
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Chapter 5: Controlling magnetic exchange and anisotropy by nonmagnetic ligand substitution in
layered MPX3 (M = Ni, Mn; X =S, Se)

Recent discoveries in two-dimensional (2D) magnetism have intensified the investigation
of van der Waals (vdW) magnetic materials and further improved our ability to tune their
magnetic properties. Tunable magnetism has been widely studied in antiferromagnetic metal
thiophosphates MPXs. Substitution of metal ions M has been adopted as an important technique
to engineer the magnetism in MPXs. In this work, we have studied the previously unexplored
chalcogen X substitutions in MPXs (M = Mn/Ni; X = S/Se). We synthesized the single crystals of
MnPS3.xSex (0 < x < 3) and NiPS34Sex (0 < x < 1.3) and investigated the systematic evolution of
the magnetism with varying x. Our study reveals the effective tuning of magnetic interactions
and anisotropies in both MnPSz and NiPS3z upon Se substitution. Such efficient engineering of
magnetism provides a suitable platform to understand low-dimensional magnetism and develop
future magnetic devices. This chapter is based on our published work in PHYSICAL REVIEW

RESEARCH 4, 023256 (2022) (https://doi.org/10.1103/PhysRevResearch.4.023256) [74].

5.1 Introduction

The recently discovered two-dimensional (2D) magnetic materials have attracted
intensive attention because of the possible new phenomena arising from 2D magnetism and the
promising potential for spintronic applications [6-11]. The integration of 2D magnets in
nanodevices and heterostructures has further fueled the investigation of their magnetic and
electronic properties, thus offering a fertile platform to design next-generation devices [12-24].
Such developments in 2D magnetism have motivated the search for novel magnetic van der

Waals (vdW) materials to explore the low-dimensional magnetism in real materials.
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One interesting class of magnetic vdW materials is AFM MPXz (M = transition metal
ions, X = chalcogen ions), in which the transition metal ions carry localized magnetic moments
in a layered honeycomb lattice [28,93-95]. Their magnetic properties are strongly influenced by
the transition metal M. The magnetic exchange and anisotropy are found to vary with the choice
of M [28,31-36,39,44,46,60,62,64,106,107,118,119,148]. Such tuning of magnetism by altering
M has led to the study of a series of polymetallic “mixed” MPXz compounds such as Nij-
xMnyPS3, MnyFe1xPS3, Fe1xNixPSs , MNn1xZnyPSs, Ni1xCoxPSz and MnyxFexPSes [51-66].
Tunable magnetism arising from the interplay between competing magnetic interactions,
magnetic anisotropy, and spin fluctuations has been observed in these mixed compounds [51-
65], providing promising candidates to explore novel phenomena originating from 2D
magnetism.

Compared with the metal substitution in the M site [51-66], chalcogen substitution in the
X site leaves the magnetic ions intact, hence offering a relatively clean approach to modify the
magnetic exchange interactions. The effectiveness of substituting non-magnetic ligand atoms to
engineer the magnetism in vdW magnets has been demonstrated recently [76,77]. For example,
in chromium halide, varying the ratio of halides is found to effectively control the ordering
temperature and magnetic anisotropy [76]. Furthermore, the competing spin-orbit coupling
strength of Cr and halides leads to a new frustrated regime and modified interlayer coupling in
CrClsxyBrxly [77]. However, the chalcogen-substitution effects on magnetism remain elusive in
MPX3, with only a few syntheses and structural characterization works have been reported [149—
152].

In this work, we conducted a systematic study on the magnetic properties of MnPS3.xSex

and NiPSz.xSex (0 < x < 3). We found very different doping dependencies for Néel temperature
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(Tn) in those two material systems, likely due to the difference in their dominant exchange
interactions i.e, direct M-M interaction in MnPSs whereas superexchange M-X-M interaction in
NiPSz. Furthermore, chalcogen substitution also effectively controls the magnetic anisotropy,
which is manifested by the efficient tuning of the magnetic easy axis and spin flop (SF)
transition. Such tunable magnetism achieved by non-magnetic substitutions offers a useful
technique to engineer low-dimensional magnetism and provides further insights for the

development of magnetic materials-based nanodevices.

5.2 Experiment

The MnPSz.«Sex and NiPSz.xSex single crystals used in this work were synthesized by a
chemical vapor transport method using I as the transport agent. Elemental powders with desired
ratios were sealed in a quartz tube and heated in a two-zone furnace for a week. The MnPS3.xSex
single crystals were grown with a temperature gradient from 650 to 600 °C, whereas 750 to 550
°C was used for NiPSzxSex growth. The polycrystalline NiPSzxSex samples used in this work
were grown using a self-flux method at 750 °C. The as-grown polycrystalline samples were
annealed at 750 °C for 4 days to minimize the possible impurity phase. Such annealing process is
necessary to obtain a pure phase for characterizing magnetic properties. The elemental
compositions and crystal structures of the obtained crystals were examined by energy-dispersive
x-ray spectroscopy (EDS) and x-ray diffraction (XRD), respectively. Magnetization
measurements were performed in a physical property measurement system (PPMS, Quantum

Design).

The calculations were performed by Magdalena Birowska (University of Warsaw, Poland)
and Carmine Autieri ( Polish Academy of Sciences, Poland; Consiglio Nazionale delle Ricerche

CNR-SPIN, Italy) in the framework of the DFT+U [153] approach as implemented in VASP
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software [154,155]. The effective on-site Coulomb exchange parameters were setto U =5 eV
and U = 6 eV for 3d states of Mn and Ni atoms, respectively. A cutoff of 400 eV was chosen for
the plane-wave basis set and a k-mesh of 10x6x2 and 10x6x9 was taken to sample the first
Brillouin zone on I'-centered symmetry reduced Monkhorst-Pack mesh for monolayer and bulk
systems, respectively. The denser k-mesh grids equal to 15x9x13 was taken with spin-orbit
coupling (SOC) included. The standard exchange-correlation functionals neglect the non-local
nature of dispersive forces, which are crucial for layered materials and adsorption molecules on
the surfaces [156-158]. Thus, the semi-empirical Grimme method was applied [159]. The lattice
parameters have been fixed to the experimental ones. The positions of the atoms were relaxed
until the maximal force per atom was less than 102 eV/A. The noncollinear magnetism and SOC
were included in our calculations.
5.3 Results and discussion

In each layer of MPX3, the transition metals M are surrounded by P2Xs clusters as shown
in Figure 5.1(a). So, the chalcogen substitution in the X site would modify the local environment
of M?* within honeycomb layers. Our extensive crystal growth efforts have resulted in sizable
single crystals of MnPSzxSex with x up to 3 (i.e., full replacement of S by Se). As shown in
Figure 5.1(b), these crystals are relatively transparent, showing a gradual color change from
green (x = 0) to wine red (x = 3), which indicates the variation of the optical gap. On the other
hand, for NiPSz.xSey, good single crystals can only be obtained for x up to 1.3 [Figure 5.1(c)].
Such difficulty in growing single crystals for Se-rich samples could be the reason for the very
limited studies on NiPSes [38] as compared to NiPSs. The successful substitution in both MnPSs.
xSex and NiPSz.xSex is demonstrated by the composition analyses using EDS. Furthermore, As

shown in Figures 5.1(b) and 5.1(c), the (O0L) XRD peaks show systematic low-angle shift with
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increasing the Se content, consistent with the elongation of c-axis when smaller S is replaced by

larger Se.

@ e o 2 G _ (b) MnPS,_Se,

Intensity (arb. unit)

C iPS;_ Se, .
X 11‘ _/L 115 -

| ! —J\— . - I =  — a
(0o1) 001) (001) (002) (002)
(002) R <
0 ‘ [ oon 0 0s) / \ : l 3 O @9 | S\

20 40 60 80 138 14l ' 20 40 60 80 27 28
20 (deg) 260 (deg)

Intensity (arb. unit)

Figure 5.1: (a) Crystal structure of MPX3 (M = Mn/Ni; X = S/Se). (b) Optical microscope images
of the as-grown single crystals and Single-crystal x-ray-diffraction pattern of MnPSz.xSex (0 < X
< 3) showing the (O0L) reflections. Right panels show (002) diffraction peak. (c) Optical
microscope images of the as-grown single crystals and Single-crystal x-ray-diffraction pattern of
NiPSzxSex (0 < x < 1.3) showing the (00L) reflections. Right panels show (001) diffraction peak.
The value of Se content x for each sample is determined by EDS.

To investigate the effects of Se substitution on magnetic properties, we measured the
temperature dependence of molar susceptibility (y) for MnPS3.xSex and NiPS3.xSex under the out
of plane (H_Lab) (red color) and in-plane (H//ab) (blue color) magnetic fields [Figures 5.2(a)
and 5.3(a)]. To obtain the precise transition temperature for each sample, we used the peak
position of the derivative dy/dT to define Tn [Figures 5.2(b) and 5.3(b)], which has also been
widely used in previous studies [62,63,66,120]. As shown in Figures 5.2(a) and 5.3(a), the out-
of-plane (y.) and in-plane (y) susceptibility for both MnPS3.xSex and NiPSz.xSex overlap in the

paramagnetic (PM) state but start to deviate below Tn (denoted by black triangles). In earlier

studies, both substantial [39,62,66,160] and the lack [31,63,106,118,120] of magnetic anisotropy
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in the PM state have been reported. It has also been pointed out that the sample holder may
contribute to the observed magnetic anisotropy, especially for the NiPS3 samples whose
magnetization is relatively weak [31]. Therefore, we have been very careful in the magnetization
measurements, for which we used the same quartz sample holder for both y. and yu
measurements. For Se-rich NiPSzxSex (x = 2 and 3) [Figure 5.3(a)], Tn is obtained from the
measurements on polycrystalline samples so that . and y, cannot be obtained. The extracted Tn
for the end compounds (x = 0 or 3) MnPS3, MnPSes, NiPSs, and NiPSez are 78.5, 74, 155, and
212 K, respectively, consistent with the previous studies [28,31-33,36,38,61,72,73].

Substituting S by Se leads to systematic variations of Ty in both material systems. Such
Tn evolution is completely different from that caused by metal substitutions in MnPSz and
NiPS3 [56,60,62,64]. In polymetallic mixed compounds such as Ni1xMnyxPSz [62,64], MnyFe1.
xPS3 [56], and Mn1.«ZnxPS3 [60], Tn is drastically reduced by substituting magnetic or non-
magnetic metal ions, reaching minimum around x = 0.5. However, chalcogen substitution only
slightly reduces Tn in MnPS3.4Sey, from 78.5 K for MnPS3 to 74 K for MnPSes [Figures 5.2(a)
and 5.2(c)]. For NiPS3xSey, Se substitution causes Tn to increase monotonically [Figures 5.3(a)
and 5.3(c)], which is distinct from the sharp decrease in metal substituted NiPS3 [62,64]. As will
be discussed below, the observed evolutions of Tn with chalcogen substitutions in these two
material systems can be understood in terms of the anion-mediated superexchange interactions in
addition to the direct M-M exchange. The distinct doping dependences of Ty in those compounds
can be attributed to their different magnetic interactions [40,41].

In MPX3 compounds, substituting S by larger Se expands the in-plane lattice [129,152]
and leads to the attenuation of the direct M-M interaction within the metal ion plane [59,65]. In

MnPS3, the neighboring Mn moments are found to be antiparallel and normal to the basal
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plane [44,53,162] with an AFM propagation vector k = [000] [162], as illustrated in Figure
5.2(d). The magnetism in this compound is known to be governed by the Mn-Mn direct
exchange interaction [38,40,41]. Therefore, the systematic suppression of Tn by Se substitution
in MnPS3.4Sex can be attributed to the weakened direct exchange interaction between the nearest-
neighbor Mn ions, due to the elongated Mn-Mn bond. Indeed, weaker Mn-Mn exchange in
MPSes in comparison to MPSs has been theoretically proposed [38] and experimentally

demonstrated by neutron scattering experiment [72].
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Figure 5.2: (a) Temperature dependence of out-of-plane (H_Lab, red) and in-plane (H||ab, blue)
molar susceptibility (y) of MnPSz.xSex (0 < x < 3) samples. The black triangles denote Tn. (b)
Temperature dependence of derivative dy/dT of MnPS3.xSexsamples. The dashed lines denote
Tn. (c) Doping dependence of Néel temperature (Tn) for MnPS3.xSex. (d) Magnetic structure of
pristine MnPS3 showing nearest-neighbor (J1), second nearest-neighbor (J2), and third nearest-
neighbor (J3) interactions.
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To clarify the evolution of magnetic exchange interactions (J) upon chalcogen
substitutions, we performed the DFT calculations. In order to evaluate the Néel temperatures of
bulk MnPS3, MnPSes, NiPS3 and NiPSes structures, we first examine the various magnetic
ordering such as antiferromagnetic ones: Néel (AFM-N), zigzag (AFM-z), stripy (AFM-s), and
ferromagnetic (FM) one, as reported in another work [163]. We consider the in-plane and out-of-
plane directions of the spins, following the previous report [164]. Namely, we consider the

Heisenberg Hamiltonian with a single ion anisotropy A:
H=E,— %Zij]ijgigj - %Zij AiiSESF — AXi(SIi%)? @

where %2 accounts for the double-counting, Eo denotes the energy of the nonmagnetic system, S;
is a spin magnetic moment of the atomic site i. Jij and 4;; are the isotropic and anisotropic
exchange couplings between the atomic site i and j, respectively. The off-diagonal isotropic
exchange terms have been neglected. The details of these calculations along with derived
equations are presented in Appendix. Here, we consider the magnetic exchanges in the
monolayer systems up to the third nearest neighbors, neglecting the exchange coupling from
adjacent layers. Finally, the Néel temperature has been evaluated in the mean-field

approach [40], which takes the following form
TN"™ =S(S+1)(=3/1 =6/, = 3/3)/(Bks) (2)
Ty =SS+ 1) U1 — 2], — 3/3)/(B3ks)  (3)

for the Mn and Ni compounds, respectively. The difference between equations (2) and (3) is
attributed to the different magnetic order of these two compounds. Note that the different sign of
J1 in the equations (2) and (3) produces a different dependence of the Tn from Ji. Where spin S

is equal to 5/2 and 1 for Mn and Ni, respectively and kg is the Boltzmann constant. Similar
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expressions have been obtained in an earlier work [40]. The results are collected in Table 5 and
are in excellent agreement with previous studies [40,41,131]. Note that the Néel temperatures
obtained here are overestimated, which is a well-known fact for the systems which exhibit strong
critical fluctuations. Although, these critical values are overestimated as expected from the
mean-field approximation, the change between the Se and S systems reflects qualitatively the
change of the critical temperatures whenever the S atoms are substituted by Se. As shown in
Table 5, the calculated nearest-neighbor interaction (J1) and third nearest-neighbor interaction
(Js) are reduced upon replacing Se for S in MnP X3, suggesting the suppression of in-plane
exchange interaction on Se substitution, which is in line with the neutron scattering

experiment [72]. Note, that for both MnPSes and NiPSes the bond angle between the M-S-M
atoms is closer to 90 in comparison to their corresponding Sulphur structures, see Table 5,
pointing to the enhancement of the nearest neighbor FM superexchange according to
Goodenough-Kanamori-Anderson rules [42,43]. Here, we did not comment on the changes in the
second nearest-neighbor interaction (J2) because it is negligible in both Mn and Ni systems as
reported in Table 5. Such attenuation of in-plane magnetic interactions can explain the

experimental observation of declining Tn with Se substitution in MnPSz.xSex.
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Figure 5.3: (a) Temperature dependence of out-of-plane (H_Lab, red) and in-plane (H||ab, blue)
molar susceptibility () of NiPSzxSex (0 < x < 3) samples. The dark yellow and wine color data
represent x = 2 and 3 polycrystals samples, respectively. The black triangles denote Tn. (b)
Temperature dependence of derivative dy/dT of NiPSzxSexsamples. The dashed lines denote Th.
(c) Doping dependence of Néel temperature (Tn) of NiPSz.xSeyx. (d) Magnetic structure of pristine
NiPSz showing nearest-neighbor (J1), second nearest-neighbor (J2), and third nearest-neighbor
(J3) interactions.

The situation is different in Se-substituted NiPSs. Earlier neutron scattering
experiments [38,40] have demonstrated that the magnetic interactions in NiPS3z occur only
through a superexchange pathway. The direct exchange among the metal ions, however, does not
exist because of the filled tog orbitals for Ni?* [38,40]. Therefore, though direct exchange usually
significantly influences Ji1 in magnetic materials, J1 in NiPS3 is superexchange in nature [40,41]
and weakly dependent on the Ni-Ni distance [161]. The observed systematic increase of Ty in Se
substituted NiPS3 should be ascribed to the enhanced superexchange interactions. Substituting
the non-magnetic ligand atoms is known to effectively tune superexchange in various

materials [76,161,165-167]. In general, replacing a smaller ligand with a larger one usually leads
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to enhanced superexchange interaction because of the stronger orbital overlap due to greater
atom orbitals [76,161]. This can be seen in our DFT calculation, which demonstrates stronger
superexchange J: and Jz for NiPSez in comparison to NiPSs (Table 5). The result of the
calculation depicts the FM and AFM nature of J1 and Js respectively in the Ni system, which is
consistent with the reported magnetic structure of NiPSs [31] shown in Fig. 3(d). The J: of both
Mn and Ni systems become more ferromagnetic, but this has a different effect on the two
systems due to the different magnetic order as we can see from equations (2) and (3). Although
both FM J: and AFM Js are enhanced upon Se substitution, the larger magnitude of Jz (almost 4
times) than Ji explains the stronger AFM interaction in NiPSes than NiPS;3 proposed in an earlier
study [38]. This also agrees well with the systematic increase of Ty with Se substitution in
NiPSzxSex. Similar Ty enhancement by substituting with larger ligand atoms has also been
observed in many other compounds whose magnetic interactions are mainly mediated by

superexchange couplings, such as CrClzxBrx [76] and CuCr15Sbo5Ss-xSex [165].

Table 5: The exchange couplings Ji, the strength of a single ion anisotropy A and M-X-M bond
angle using DFT calculations assuming the experimental lattice parameters. Positive (negative)
values of Ji and A indicate the FM (AFM) couplings and out-of-plane (in-plane) direction of
spins, respectively. The critical temperature is evaluated in mean-field approach.

Structure Ji Jo NE A1 A2 A3 A Tn <M-X-M
(meV) (meV) (meV) (meV) (meV) (meV) (meV) (K) ®)

MnPS
’ -1.22  -0.06 -0.43 -4x10° -4x10° 7x10° -0.005 181 83.29
(@=6.07A, b=1055A)
MnPSe; -2x10
-1.07 -0.06 -0.24 -3x10° -4x10°% -0.037 145 83.34
(a=b=6.32A) 3
NiPS;
3.53 0.33 -14.06 8x10* -8x10* 2x10° -0.108 349 85.13
(@a=5.81A,b=1007A)
NiPSes

453 -013 -16.11 -5x10° -3x10? 9x10® 0.271 411  86.40
(a=6.15A,b=10.66 A)
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Though the elongation of the Ni bonds may not strongly affect exchange interactions in
NiPS3xSex as mentioned above, it may still mediate the in-plane magnetic interactions. The
magnetic structure of NiPSz has a propagation vector k = [010] [31], where the Ni moments lie
mostly within the basal plane and form a bi-collinear AFM order consisting of ferromagnetic
(FM) chains along the a-axis within the Ni layer as shown in Figure 5.3(d) [25,72,73]. Therefore,
the expansion of the in-plane lattice would weaken the intra-chain FM couplings, which may

favor the overall AFM interactions of the sample.

Though the different Se substitution-dependent ordering temperatures in MnPS3.xSex and
NiPS3.xSex can be understood in terms of the mediation of magnetic exchange interactions, the
very different effectiveness of tuning Tn by substitution remains. As shown in Figures 5.2(c) and
5.3(c), Tn slightly decreases only by 6% from 78.5 K for MnPS3 to 74 K in MnPSes, but
increases remarkably in NiPSzSex, from 155 K for NiPS3z to 212 K in NiPSes. Such stronger
composition dependence in NiPSz.xSex in contrast to MnPSz.xSex can be attributed to the larger
magnitudes of exchange couplings Ji for Ni structures in comparison to their Mn counterparts
(Table 5). Moreover, as suggested by the previous neutron scattering experiment [60], MnPSe3
shows stronger interlayer exchange interaction Jc than MnPS3z which may stabilize the magnetic
order, so the enhanced Jc with Se substitution may also offset the decrease of Ty driven by
reduced intra-layer exchange interaction, leading to the observed weak composition dependence

in MnPS3.Sex.

It is worthwhile to compare the distinct effects between chalcogen and metal substitutions
in MPX3 compounds. For polymetallic MPX3 compounds in which the magnetic M is substituted
by other magnetic or non-magnetic metal elements, a remarkable reduction in Tn has been

observed [56,60-62,64], which has been ascribed to the suppression of magnetic interactions by
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Figure 5.4: (a) Field dependence of magnetization of MnPS3xSexsamples (0 <x<3)at T=2K
for out-of-plane (H_Lab, red) and in-plane (H||ab, blue) fields. Inset: Low-field magnetizations
(b) Doping dependence of Spin-flop field (Hsr) of MnPSs.xSex. (C) Magnetic structure of pristine
MnPSs. (d) Magnetic structure of pristine MnPSes.

random distributions of mixed metal ions, as well as the magnetic frustrations when substituting
with magnetic metal elements. Indeed, recent DFT calculation has revealed frustrations among
Ni and Mn atoms in Nio.7sMno 25PS3 resulting from the competing Néel and zig-zag AFM
configurations [131]. The light suppression in Tn in chalcogen-substituted MPX3 may imply
weaker frustrations compared to the case of metal ion substitutions. This is also consistent with
the crystal structures of MPX3 compounds in which the chalcogen atoms are located away from

the magnetic layers [Figure 5.1(a)]. Therefore, substituting chalcogen layers mainly modifies the
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environment above and below the magnetic layers, rather than inducing strong magnetic
impurities and magnetic dilutions for magnetic [56,62,64] and non-magnetic [53,60] metal-ion
substitutions respectively. Hence the chalcogen substitutions could be a better approach to

modify magnetism without strongly destabilizing the magnetic orderings in MPXs.

Metal-ion substitutions in NiPSz and MnPS3 have also been found to be effective in
tuning magnetic anisotropies [37,39,50,52]. For example, varying the Ni:Mn ratio in Ni1-
xMnyPS3 can re-orientate the magnetic easy axes from nearly within the ab-plane to along the c-
axis [62,64]. In NiPSs, Fe substitution can trigger a crossover from XY to Ising
anisotropy [63,66]. Moreover, the magnetic anisotropy in MnPS3 can be reduced with magnetic
dilution by substituting non-magnetic Zn [53,60]. In this work, we further studied the evolution
of magnetic anisotropy with chalcogen substitutions. Figure 5.4(a) presents the isothermal field-
dependent magnetization M(H) at 2K for MnPSz.xSex (0 < x < 3) measured under out-of-plane
(HLab) and in-plane (H//ab) magnetic fields. The evolution of magnetic anisotropy can be
extracted from the low field (i.e., below the critical field of spin-flop transition) magnetization.
The low field magnetic susceptibility is smaller with H_Lab in Se-less samples. Increasing Se
content x gradually reduces anisotropy, and eventually leads the low field out-of-plane
magnetization to surpass the in-plane one for x > 0.7. Such observation is expected since the two
end compounds MnPSz and MnPSes have different easy axis [37,44,53,61,72,73]. As shown in
Figures 5.4(c) and 5.4(d), the Mn moments in MnPSs are aligned along the out-of-plane
direction [44,53], whereas they mostly lie within the basal plane with an AFM propagation
vector of k = [000] for MnPSe3 [37,61,72,73]. However, the exact in-plane directions of the
moments are unclear or arbitrary based on the neutron scattering experiments on powder samples

[50,70,85]. In Figure 5.4(d) we depict a magnetic structure based on a recent neutron scattering
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study [72]. The rotation of the easy axis with Se substitution is also supported by the temperature
dependent susceptibility below Tn [Figure 5.2(a)], in which y. is smaller than y for samples with

x up to 0.7 but larger for samples with more Se.
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Figure 5.5: (a) Left: Energy difference between the particular direction of the spins and the
magnetic ground state for MnPS3 system including the SOC and neglecting the magnetic dipolar
interactions within the DFT studies. The latter is crucial for the proper arrangement of the spins
for this system. The # angle indicates the rotation angle from out-of-plane to in-plane position.
Right: Schematic arrangement of the Mn spins in MnPS3 structure. The theoretical studies
predict the easy plane of magnetization in contradiction to the experimental results. (b) Left:
Energy difference between the particular direction of the spins and the magnetic ground state for
MnPSes system. Right: Schematic arrangements of the Mn spins. Note, that the magnetic
ordering within the layer exhibits AFM-Néel type of order, whereas the adjacent layers have
antiferromagnetically aligned spins (reversed AFM-N). The easy plane of magnetization is
predicted for this system.

The moment orientations in MPX3 compounds are resulting from the competition
between the dipolar and single-ion anisotropy, which favor an out-of-plane and an in-plane

moment orientation, respectively. The single-ion anisotropy arises from the combined effects of
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the trigonal distortion of MXs octahedra and spin-orbit coupling (SOC) [39,64]. In MnPSs, the
trigonal distortion and spin-orbit splitting are negligible, so its magnetism is mainly governed by
the dipolar anisotropy which results in an out-of-plane moment orientation [39]. Substituting S
with Se does not significantly modify trigonal distortion [72], but it causes increased ligand SOC
contribution which may enhance single-ion anisotropy [73], leading to the observed moment
rotation and the switching of magnetic anisotropy when x > 0.7. This is supported by our DFT
calculation, which shows the enhancement of single-ion anisotropy (A) in MnPSes by almost one
order of magnitude as compared to MnPSz (Table 5). Although the SOC which is responsible for
magnetocrystalline anisotropy is accounted in our calculations, the magnetic dipolar interactions
are not included in our results. Note that the very recent study has reported a newly developed
exchange-correlation functional [168] which accounts for the magnetic dipole-dipole
interactions. Considering the MnPS3 system, the inclusion of the SOC causes the spins to lie
within the basal plane [Figure 5.5(a)]. This result is obviously in contradiction to the
experimental result [Figure 5.4(c)], due to the lack of the inclusion of the magnetic dipolar
anisotropy in our calculations, which might align the spins to the out-of-plane direction. In
addition to enhanced A, it is also plausible that long-range magnetic dipolar interactions are
weakened in MnPSes than MnPSs, due to the longer lattice parameters for the Se than S
compounds. Thus, the dominant A in Se-rich compounds can be ascribed to the switching of
anisotropy from out-of-plane to in-plane direction. Furthermore, unlike MnPSz whose interlayer
magnetic exchange interaction Jc is negligible, a recent neutron scattering experiment has
revealed considerable Jc when S is replaced by Se [60], which is not accounted in our theoretical
results, and will be studied elsewhere. More theoretical efforts are needed to clarify the possible

coupling between Jc enhancement and moment rotation.
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Tuning moment orientations in MPX3 modifies the SF transition [45,53,64]. MnPS3
displays a SF transition when the magnetic field is applied along the out-of-plane direction,
which is characterized by a drastic magnetization upturn at the SF transition field (Hsr) [Figure
5.4(a)] [10,44,60,62,64,106,118]. Substituting Mn with Ni is found to strongly suppress the SF
transition [62,64]. Hsr is suppressed by half with only 5% Ni substitution, and disappears for
10% substitution, which is likely due to the reorientation of the magnetic moments when single
ion anisotropy is modulated by enhanced lattice trigonal distortion upon substitution [64].
Moreover, though not as efficient as magnetic Ni substitution, the non-magnetic Zn-substitution
also reduces Hsr, which has been ascribed to the weakening of magnetic anisotropy with
magnetic dilution [53]. In this work, modification of the SF transition with Se substitution has
also been observed. As shown in Figure 5.4(a), at T = 2 K and for H_Lab, the SF transition is
gradually suppressed, as manifested by the less-obvious magnetization upturn and reduced Hsr.
When Se content x is increased beyond 0.7, the observation is inverted. Magnetization displays
linear field dependence when H_Lab but an upturn starts to appear under H//ab. Such spin flop
transition occurs around ~2.9 T in the x = 1.2 sample, which remains strong for Se content up to
x = 1.3 and is gradually suppressed with further increasing the Se content. For the end compound
MnPSes (x = 3), a small upturn around xoH = 0.7 T can be seen in the in-plane magnetization

[Figure 5.4(a), inset].

In Figure 5.4(b) we summarize the variation of Hse with Se content for both out-of-plane
and in-plane field, from which the two types of SF transitions under H_Lab and H//ab can be
clearly seen. Generally, a SF transition in an AFM compound is characterized by the moment re-
orientation that is driven by the magnetic field component parallel to the magnetic easy axis. The

change of the moment orientation can be attributed to the enhanced single-ion anisotropy upon

69



Se substitution as discussed above, which usually favors the in-plane moment orientation.
Therefore, in MnPS3 whose easy axis is out-of-plane, the SF transition is characterized by Mn
moment rotation toward the ab-plane under H.Lab [44,64]. The corresponding Hsr is suppressed
by Se substitution, because the easy axis in the substituted samples already rotates away from the

out-of-plane direction.

One interesting observation is that the switching of the easy axis occurring closer to
MnPSs side i.e., between x = 0.7 and 1.2 [Figures 5.4(a) and (b)], which implies the magnetism
in MnPS3 is softer than MnPSes. This is also consistent with our theoretical calculations. The
energy difference between the in-plane and out-of-plane directions of the spins is of the order of
a few hundredths of meV in MnPSz [Figure 5.5(a), Left panel] and can be considered negligible
(A =-0.005meV, Table 5), as reported in earlier works [39—41]. On the other hand, the energy
difference in MnPSez [Figure 5.5(b), Left panel] is one order of magnitude greater than in the
case of MnPS3, which is reflected in the enhancement of the monocrystalline anisotropy (A = -

0.037 meV, Table 5).

Another interesting feature is that the magnetic ordering temperature does not change
remarkably [Figure 5.2(c)] when Hsr is drastically suppressed above x = 0.7 [Figure 5.4(c)].
Similar observations have also been reported for Ni-substituted MnPSg, in which the 10% Ni
substitution can fully suppress the SF transition but leaves the ordering temperature essentially
unchanged [64]. Such distinct composition dependences for Hsr and Tn have been attributed to
the dominant role of the single ion anisotropy rather than the magnetic exchange in modulating

SF transition [64], which may also be applicable for MnPS3.xSex studied in this work.
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Figure 5.6: (a) Field dependence of magnetization of NiPSzxSex samples (0 <x<1.3)atT=2K
for out-of-plane (H.Lab, red) and in-plane (H||ab, blue) fields. The dashed lines are a guide to the
eye. (b) Upper Panels: Energy difference between the particular directions of the spins and the
magnetic ground state for NiPSsz and NiPSes using DFT calculations. The spins of the Ni atoms
are collinearly aligned. The 8 angle indicates the rotation angle from out-of-plane to in-plane
position. The changes in rotation angle within the layer are negligible (negligible difference
between the spins oriented in a and b directions). Lower Panels: Schematic pictures of magnetic
spins for NiPSz and NiPSes. Note that, the NiPSsz exhibits an easy plane (XY) of magnetization,
whereas the NiPSez has an easy axis oriented perpendicular to the layer.

Similarly, the rise of SF transition for H//ab is also in line with the rotation of the easy
axis toward the basal plane. For the end compound MnPSes, to the best of our knowledge, the
isothermal field dependent magnetization has not been reported, though this material has been
known for a long time and extensively studied [37,61,72,73]. The observed weak low-field

magnetization upturn is suggestive to a SF transition under in-plane magnetic field which is in
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line with the in-plane Mn moment orientation [Figure 5.4(d)]. If the SF transition is real, the
small uoHsr = 1 T would be the lowest SF field reported so far in MPX3

family [10,44,60,64,106,118,119]. Such lower Hsr in MnPSes might be attributed to the distinct
moment re-orientation during the SF transition. For example, the moment may rotate within the
basal plane so that Hsr is lower, unlike MnPS3z whose larger Hsr may be related to the higher
field required to overcome the anisotropy difference between its easy axis and the basal plane.

Similar SF mechanism has also been proposed in another Mn system [169].

Now we turn our discussion to NiPSzxSex. As shown in Figure 5.6(a), consistent with the
earlier magnetization studies [62,64], a metamagnetic spin flop transition under an in-plane field
of ~6 T can be seen in isothermal magnetization measurements. Such observation also agrees
with the nearly in-plane orientation for Ni moments [31] due to strong single-ion anisotropy in
NiPSz [40,41]. Se substitution leads the SF transition to occur at a higher in-plane field of around
8 T for x = 0.3. Further increasing Se content leads to essentially linear field-dependent
magnetization for both H//ab and H.Lab up to 9 T. The increased Hsg with Se substitution in
NiPSs is in sharp contrast to observation in MnPSzxSex [Figure 5.4(b)]. Unlike the MnPS3.xSex
system for which the magnetic structure for end compounds MnPSz [44,53] and
MnPSes [37,61,72,73] have been well understood, the lack of the established magnetic structure
for NiPSes makes it difficult to clarify how Ni moment orientation may play a role in the
observed substitution dependence of Hsr in NiPSz.xSex. Our DFT calculation has demonstrated
the out-of-plane moment orientation for NiPSes [Figure 5.6(b)]. This agrees well with the
possible higher Hse required for Se-rich samples, in a manner similar to MnPSz.xSex, where SF
transition occurs at higher Hse for compounds (x = 0-0.7) with the easy axis along an out-of-

plane direction. In addition to the orientation of the easy axis, the stronger exchange interaction
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in Se-substituted NiPSz may be another possible factor that affects the Hsr. The spin-flop field at
low temperatures can be approximately expressed as Hsy ~ /2HgH, Where He and Ha are
effective exchange and magnetic anisotropy fields, respectively [169]. Since Se substitution
enhances the exchange interactions as discussed earlier, increased Hsr is expected. To better
clarify the mechanism for the evolution of SF transition in NiPSzxSey, future neutron scattering
experiments even on polycrystalline samples, magnetization measurements under high magnetic

field, and theoretical efforts would be helpful.

5.4 Conclusion

In conclusion, we studied the magnetic properties of previously unreported Se-substituted
MnPSz and NiPSs. We found distinct tuning of Tn in MnPSz.xSex and NiPS3.xSey, likely
attributed to different exchange interactions in pristine MnPS3 and NiPSs. In addition, magnetic
anisotropy is also efficiently modulated with S-Se substitutions. Our findings provide a suitable
platform for a deeper understanding of low-dimensional magnetism and potential spintronics

applications.

5.5 Appendix: Theoretical exchange couplings

The exchange parameters derived from the Heisenberg Hamiltonian (1):
1
Egu = Eqo —5(3]152 +6/,5% + 3/35%)

1
ENeer = Eo = 5(—3]152 +6/,5% = 3/55%)

1
;Cigzag =Ey — 5(/152 —2J,8% - 3]352)
x 1 2 2 2
Estripy = Eo — E(—hs —2J,5% + 3/35%)
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1
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M (_AEzigzag + AEstipy — AEpy + AENEE[)
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1
Ay = 8s2 (AEzigzag + AEstripy — AEpy — AENeel)

1
=g (3AEigzag — 30Estripy — AEpy + AEeer)

1
A= 852 (3AEzigzag + 30Estripy + AEpm + AENeel)

AE = E* —E*

Note, that the equations for |3 and Js are different than obtained in [164].
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Chapter 6: Understanding and tuning magnetism in layered Ising-type antiferromagnet FePSes
for potential 2D magnets

Recent discoveries in two-dimensional (2D) magnetism have intensified the
investigation of layered magnetic materials. Among various magnetic systems, Ising-type
magnets have become one of the important material platforms to explore 2D magnetism because
of their strong magnetic anisotropy. Here, we have studied an Ising-type antiferromagnet FePSes.
We performed S and Mn substitutions in FePSez and characterized their magnetic properties. Our
study reveals distinct evolution of magnetic anisotropy and interactions in S and Mn-substituted
FePSes. This provides a better understanding of an Ising-type magnetism and offers tunable
material systems for potential 2D magnets. This chapter is based on the manuscript under

preparation.

6.1 Introduction

Recently, two-dimensional (2D) magnetic materials have been widely studied to
understand magnetism in atomically thin limit and utilize them for practical applications [6—
24,47-50,130]. However, realizing 2D magnets is often challenging because of the limited
material choices and experimental tools to probe magnetic properties at the nanometer scale. So,
searching for new magnetic van der Waals (vdW) materials and tuning their magnetic properties
have become the major research direction in the field of 2D magnetism.

For that reason, the AFM MPX3 (M = transition metal ions, X = chalcogen ions)
materials have been intensively investigated from bulk to monolayer form [10,28,31-
37,39,44,46-50,60,62,64,106,107,118,119,148]. Their magnetic anisotropy and exchange are
found to be strongly tunable with the choice of M and X [28,31—

36,39,44,46,60,62,64,106,107,118,119,148]. This has motivated numerous efforts to tune their
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magnetic properties such as substitutions of M [51-66] and X [37,72-75], and inter-layer
intercalation [78-80]. This tunable platform has offered a large material pool for exploring 2D
magnetism. However, only limited MPXs materials such as NiPSsz [49], MnPSz [10,47],
FePS3 [48] and MnPSes [24] have been found to exhibit magnetism in 2D limit. In fact, only
FePS3 [48] and MnPSes [24] demonstrate long-range magnetic ordering down to monolayer,
otherwise magnetism is stable up to bilayer in NiPSz [49] and MnPSs [10,47]. The persistence of
magnetism in monolayer FePSz [48] and MnPSes [50] have been ascribed to their highly
anisotropic Ising-type and XY-type antiferromagnetism, respectively. This suggests that magnetic
anisotropy is fundamental in assuring magnetic stability in 2D, especially in single layers.

According to the Mermin-Wagner theorem [170], the long-range magnetic ordering is
prohibited in 2D systems because of the strong thermal fluctuations. This can be counteracted by
a large magnetic anisotropy that leads to the stable magnetic order in 2D. In that case, an Ising-
type magnetic system would be of particular interest. Indeed, majority of 2D magnets that are
stable up to single layer such as FePS3 [48], Crls [6], CrBr3[64], VI3 [65] and FesGeTe: [8]
exhibit Ising-type magnetic order. Thus, studying new Ising-type magnetic materials and further
tuning their magnetic properties would be significant in understanding 2D magnetism and
providing novel functionality to 2D magnets.

Given this motivation, we have investigated an Ising-type antiferromagnet FePSes [37].
We have successfully engineered the magnetic properties of FePSes through chalcogen and metal
substitutions. We found distinct effects of S and Mn substitutions in FePSes and achieved the
strategies to manipulate its magnetic anisotropy and exchange. Our work provides a better
understanding of Ising-type magnetism, which will be helpful to study other Ising-type systems

as well as magnetic phenomenon in 2D.
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6.2 Experiment

The FePSesxSx (0 < x < 3) and Fe1xMnyPSes (0 < x < 1) single crystals used in this work
were synthesized by a chemical vapor transport method using I. as the transport agent. Elemental
powders with desired ratios were sealed in a quartz tube and heated in a two-zone furnace with a
temperature gradient from 750 to 550 °C for a week. The elemental compositions and crystal
structures of the obtained crystals were examined by energy-dispersive x-ray spectroscopy
(EDS) and x-ray diffraction (XRD), respectively. Magnetization measurements were performed

in a physical property measurement system (PPMS, Quantum Design).

6.3 Results and discussion

FePSes shares similar Ising-type magnetic anisotropy with FePSs where the Fe moments
are aligned along the out-of-plane direction [Figure 6.1(a)] [37,46], but it has been relatively
less-explored than FePSs [37,61]. The origin of Ising-type anisotropy in FePSes has not been
clearly explained, but the combination of strong trigonal distortion of FeSe octahedra and spin-
orbit coupling (SOC) for high-spin state Fe?* (d®) have been attributed to highly anisotropic
Ising-type magnetism in FePSs [39]. Now with enhanced SOC after replacing Se for S, similar
reasons can be ascribed for Ising-type anisotropy in FePSes. Even stronger anisotropy can be
expected for FePSez in comparison to FePSs given the fact that the magnetic anisotropy can be
enhanced with Se substitution in MPS3 [74,172]. This implies that the Ising-type anisotropy
could be manipulated by mixing S and Se in FePXs (X = S or Se). Such chalcogen substitution
has already proved to be an effective approach to tune the magnetism with less interference from
unwanted frustrations in comparison to metal substitutions [74]. Despite inevitable frustration
created upon magnetic metal substitution, it is also an important technique to control the

magnetic properties in MPXs family especially when two parent compounds have different spin
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anisotropies for example FePSes and MnPSes. As mentioned above, the Fe moments are pointed
along the out-of-plane direction in FePSes [37] whereas MnPSes exhibits XY anisotropy with the
Mn moments lying mostly within the basal plane [37,50,72] as shown in Figure 6.1(a). Thus, the

S and Mn substitutions could provide different strengths to control magnetism in FePSes.
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Figure 6.1: (a) Magnetic structures of MPSez (M = Fe/Mn). (b) Powder x-ray-diffraction pattern
of FePSz.xSex (0 < x < 3) (upper panel) and Fe1xMnyPSex (0 < x < 1) (lower panel).

Through extensive crystal growth efforts, we have conducted S and Mn substitutions in
FePSes resulting in the sizeable single crystals of FePSe3.«Sx (0 < x < 3) and Fe1.xMnxPSes (0 < x
< 1) in the whole compositional range. So far, the magnetic properties of S-substituted FePSes
have not been studied, but the polycrystals Fe:.xMnyxPSes have been investigated [61]. Here, we
have focused on single crystalline Fe: xMnyPSesz (0 < x < 1) which is usually purer than
polycrystals and convenient to measure directional dependence of the magnetization. The
successful S and Mn substitutions in FePSes were demonstrated by composition analysis using
EDS. These substitutions are further confirmed by the evolution of the crystal lattices. It has
been reported that the crystal structure for FePSesz (Rhombohedral; R3 space group) is different
than that of FePSz (Monoclinic; C2/m space group) but same as MnPSes [61]. Here, we have
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obtained distinct XRD spectra for Se-rich and S-rich samples in FePSez«Sx whereas Fe;.
xMnyPSes samples display similar XRD spectra in the entire composition range as shown in
Figure 6.1(b). In FePSesxSy, two sets of XRD spectra have been obtained below and above x =
1.5, implying crystal structure transition near that composition which is in line with the reported
crystal structure characterization [152]. The structure transition has been confirmed by crystal
structure refinement using powder XRD on FePSez«Sx (0 < x < 3) samples, which was done by
Prof. Jian Wang (Wichita state university, USA) and will be shown later in Figure 6.4(b).
Whereas the similar XRD spectra obtained for Fe1.xMnyPSez indicates unchanged crystal
structure, consistent with an earlier study [61]. Nevertheless, the Fe1.xMnxPSes XRD peaks
exhibit systematic low-angle shift with increasing Mn content [Figure 6.1(b)] suggestive of
expanding crystal lattice due to incorporation of larger Mn atoms, which is already reported in
previous study [61].

Although the metal [51-66] and chalcogen-substituted [37,72—-75] MPXs demonstrate
tunable magnetism, their studies in 2D still remain elusive. Here, we have investigated the
magnetic properties of FePSez xSy and Fe1xMnxPSes material series to understand how they can
be utilized as potential 2D magnets. For this, we have measured the temperature dependence of
susceptibility (y) under the out-of-plane (B_Lab) (Solid line) and in-plane (B//ab) (Dashed line)
magnetic fields of B = 0.1 T [Figure 6.2(a)]. As shown in Fig. 2(a) for pristine FePSes (x = 0)
and FePSz (x = 3), the temperature dependence of out-of-plane (y.) and in-plane (y)
susceptibility exhibit significant anisotropy below and above magnetic transition temperature
(Tn) (denoted by black triangles in Figure 6.2), consistent with previous reports [39,48,66] and
can be ascribed to their highly anisotropic Ising-type magnetism. The anisotropic susceptibility

remains unaffected after chalcogen substitutions as shown in Figure 6.2(a), suggesting the Ising-
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type magnetic order in the entire composition range in FePSes.xSx. This is in stark contrast to
MnPSz.xSex and NiPS3.xSex where the anisotropy is observed only below Tn [74], which can be
understood in terms of their relatively weaker magnetic anisotropy [31,32,39]. Simlar to FePSes-

xSx, @ clear anisotropy between y, and y; in AFM and paramagnetic (PM) regions is also

observed in x = 0 (pristine FePSes) and 0.36 Mn-substituted FePSes samples [Fig. 2(b)] but starts
to suppress with increasing Mn content and ultimately leads to magnetic anisotropy only below
Tn for higher Mn-doped samples (x = 0.5 to 1). This is suggestive of varying magnetic
anisotropy with Mn substitution, which in line with relatively weaker XY-type aniostropy for
pristine MnPSez in comparison to FePSes [37,50,61,72]. These results indicate that S substitution
has weaker effect on magnetic anisotropy whereas it is tunable with Mn substitution in FePSes.
Tuning magnetic anisotropy in MPXz can effectively change the moment
direction [39,64,74]. So, the lack of strong modification of magnetic anisotropy implies the
unchanged magnetic easy axis in FePSesxSx. In fact, the susceptibility for all FePSes.xSx samples

display similar temperature dependence: y, decreases sharply below Ty in contrast to weakly

temperature dependent y; [Figure 6.2(a)]. This behavior indicates the out-of-plane moment
orientation for all FePSesxSx samples, consistent with the reported magnetic structures of pristine
FePSes [37] and FePSs [46] that remain intact with chalcogen substitution. This is distinct than
the strong tuning of spin anisotropies in chalcogen-substituted MnPSez.«Sx and NiPSesxSx [74].
Such different behavior upon chalcogen substitution can be attributed to their different sources
for magnetic anisotropy. In Mn and Ni systems, the orbital angular momentum (L) is quenched
for Mn?* and Ni?* because of their half and fully filled tq orbitals respectively that lead to the
negligible SOC for the magnetic atoms [39]. Now with minimum contribution from Mn?* and

Ni2*, the modification of magnetic anisotropy in MnPSes.«Sx and NiPSes.«Sx is mainly
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determined by varying SOC due to non-magnetic ligands substitution [73,172]. On the other
hand, the strong SOC for Fe?* leads to much higher single-ion anisotropy (A) for FePSs (A =~ 2.66
meV) than MnPS3 (A =~ 0.0086 meV) and NiPS3 (A = 0.3 meV) [40,46]. This means the dominant
contribution to the magnetic anisotropy in FePSs arises from the Fe?* SOC, so the chalcogen

substitution has less effect on the anisotropy in FePSe3s.xSx.

(a)FePSe;.S, (b)Fe; Mn,PSe;
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Figure 6.2: (a) Temperature dependence of out-of-plane (B_Lab, solid line) and in-plane (B||ab,
dashed line) susceptibility (y) of (a) FePSesxSx (0 <x < 3)and (b) Fe1xMnxPSesz (0 <x<1)
samples. The black triangles denote Néel temperature (Tn).

The magnetic easy axis also remains intact after Mn substitution as high as 90% (x = 0.9
sample). For all Mn-substituted samples up to x = 0.9 [Figure 6.2(b)], the temperature dependent
susceptibility below Tn exhibits smaller y . than yy that is indicative of out-of-plane easy axis.
When the amount of Mn is further increased, y. surpasses y, below Ty as seen in x = 0.93 and 1

samples. This indicates the switching of easy axis towards the in-plane direction, consistent with
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the magnetic structure of pristine MnPSes [37,72]. Similar result has been observed in Ni-
substituted FePSs, where 90% Ni substitution is unable to modify the easy axis of

FePSs [63,173]. Such robust magnetism in Fe-based MPX3 is associated with their highly
anisotropic Ising-type magnetic order. When two ions with different anisotropies are mixed, a
strongly anisotropic ion dictates the ion with weaker anisotropy forcing them to behave like the
highly anisotropic parent compound [173]. For example the magnetic moments start to rotate
towards ab-plane in MnPS;3 after substituting just 5% Ni?* which has stronger single-ion
anisotropy than Mn?* [64].

Despite Mn substitution (up to 90%) is unable to completely switch the easy axis along
the ab-plane, it is still capable to drive spin reorientation in FePSes. This is illustrated by the
low-temperature upturn in susceptibility starting from x = 0.14 sample [Figure 6.2(b)] which is
not seen upon chalcogen substitution [Figure 6.2(a)]. Similar upturn in susceptibility as a result
of spin reorientation has been observed in pristine [174,175] and Ni-substituted MnPS3 [64]. The
rise in the low-temperature susceptibility becomes stronger on increasing the Mn substitution
[Figure 6.2(b)], suggesting the enhanced spin reorientation away from the out-of-plane direction.
Now, the easy axis has started to rotate towards the basal plane, when 93% Fe is replaced by Mn
(x = 0.93 sample) the easy axis starts to switch along the in-plane direction. The moment rotation
in Mn-substituted FePSes is consistent with tuning of its magnetic anisotropy as discussed earlier
and can be explained by different spin anisotropies for pristine MnPSes and FePSes [37,50,72]
[Figure 6.1(a)].

The spin reorientation with Mn substitution is also supported by the field dependent
magnetization under the out-of-plane (B_Lab) (Red color) and in-plane (B//ab) (Blue color)

magnetic fields at T = 2 K. As seen in Figure 6.3(b), the higher Mn-substituted samples x = 0.79
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and 0.9 exhibit clear metamagnetic transitions under an out-of-plane field in isothermal
magnetization measurement. Such metamagnetic transition has been attributed to spin-flop (SF)
transition in MPXs materials [44,62,64]. Generally, a SF transition in an AFM compound is
characterized by the moment reorientation that is driven by the magnetic field component
parallel to the magnetic easy axis. The metamagnetic transition is absent in samples below x =
0.79 including pristine FePSes (x = 0). The linear magnetization in pristine FePSes is
understandable given its highly anisotropic magnetism that might require a strong magnetic field
to force moment reorientation. This could be a reason that a metamagnetic transition in FePS3
occurs at very high field (B > 35T) [119] as compared to MnPSz [44,64] and NiPSs [64]. Similar
linear field-dependent magnetization is observed for all FePSesz.xSx samples when B_Lab and
B//ab [Figure 6.3(a)], which is consistent with their highly anisotropic nature as discussed earlier.
Thus, the metamagnetic transition in x = 0.79 and 0.9 Mn-substituted samples suggest the spin
reorientation due to reduced magnetic anisotropy induced by Mn substitution. The modification
of anisotropy has led to moment rotation from out-of-plane to in-plane direction in Ni [64] and
Se-substituted [74] MnPSs. Now, since pristine MnPSes exhibits in-plane moment orientation,
similar rotation of moments towards the ab-plane is reasonable to take place in Mn-substituted
FePSes. In fact, it has been proposed that the pristine FePSz undergoes spin canting towards a-
axis when field is applied along its easy axis [176], which could be facilitated when Mn is
substituted for Fe. Now, the easy axis already rotates towards the basal plane, it is
understandable that the higher Mn-substituted samples x = 0.79 and 0.9 exhibit the field-induced
metamagnetic transition at relatively lower B_Lab magnetic field in a manner similar to Ni [64]
and Se-substituted [74] MnPS3. When the moments start to align along the in-plane direction for

x = 0.93 as suggested by the temperature-dependent susceptibility measurements in Fig. 2(b), the
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metamagnetic transition is seen only for B//ab field (B =~ 1.5 T). Finally, the metamagnetic
transition appears at even lower B//ab field (B = 0.5 T) [Figure 6.3(b)] after complete switching

of easy axis towards the ab-plane in MnPSes.
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Figure 6.3: Field dependence of magnetization of (a) FePSzxSex (0 <x < 3) (b) FerxMnyPSez (0 <
x < 1)samples at T = 2 K for out-of-plane (B_Lab, solid line) and in-plane (B||ab, dashed line)
fields. Inset: Low-field magnetizations.

Though our results demonstrate the tuning of the moment orientation upon Mn
substitution, the magnetic anisotropy in FePSes still appears to be strongly immune towards
doping. We can conclude that the Ising-type magnetism in FePSes has a strong tendency to
maintain its magnetic order. Such robust magnetism is essential to realize 2D magnets and
explains the reason for most of the 2D magnets [6,8,48,132,171] belonging to Ising-type system.
We observed the strong anisotropy in FePSez«Sx materials that make them suitable candidates to
explore 2D magnetism in a mixed system. On the other hand, the magnetic anisotropy is found to
be reduced with Mn substitution that may be detrimental to stabilize magnetic ordering in 2D.

However, the neutron scattering experiments demonstrate substantial anisotropy in Fe1.xMnxPSe3z
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samples [61] that might be the reason for the existence of magnetic order in monolayer
MnPSes [50]. This implies that Fe1xMnxPSes compounds could also be potential candidates for
2D magnets.

In FerxMnyPSejz, there is one possible challenge that could prevent the persistence of
magnetism in 2D limit. When two magnetic metal atoms are mixed, a strong frustration arises in
the system. Such frustration would weaken the magnetic correlation within the magnetic plane.
In addition to the strong thermal fluctuation the presence of magnetic frustration in Fe1.xMnxPSe3
may hinder the magnetic ordering in 2D. The frustration is minimized upon ligand substitution
because they mainly modify the local environment around M atoms without touching the
magnetic layers [74]. Such lack of frustration can be understood in terms of the systematic
variations of Ty in chalcogen-substituted MnPS3z and NiPSz [74]. Otherwise the Tn would
drastically reduce with substitution reaching minimum around x = 0.5 composition as in the case
of polymetallic compounds [56,60,62,64]. So, the role of the frustration can be clarified by the

composition dependence of the magnetic transition temperature (Tn).

To obtain the precise transition temperature, we calculated the derivative dy/dT for
susceptibility data shown in Figure 6.2 and used their peak position to define Ty [Figure 6.4(a)],
which has also been widely used in previous studies [62,63,66,74,120]. The extracted Ty for the
end compounds FePSes, FePSs, and MnPSes are 111.1, 120.1, and 73.4 K, respectively,
consistent with the reported results [37,46,61,74,107]. As shown in Figures 6.4(a and b), both
FePSesxSx and Fe1.xMnyxPSez samples exhibit similar non-monotonic composition dependent Tn.
As expected frustration for Fe1.xMnxPSes, the Tn is minimized when x = 0.5, consistent with an
earlier study on powder Fe1xMnyPSes [61]. Despite similar composition dependence of T, the

suppression of Ty in S-substituted FePSes is much smaller (= 4.7% after 50% S-Se substitution)
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in comparison to Mn substitution (= 67.2% for 50% Fe-Mn substitution). So, the non-monotonic
change of Ty in FePSes.xSx may not be due to frustration as in the cases of MnPSeszxSx and
NiPSesxSx [74]. This is understandable because of the fact that frustration did not significantly
affect the magnetic interactions in MnPSz and NiPSz [74], so it is less likely to be functional in
FePSes.xSx due to their strong magnetic anisotropy which makes them more immune towards

frustration.

According to neutron scattering experiments, the overall magnetic interactions in Mn and
Ni systems are governed by nearest-neighbor (J1) and third nearest-neighbor (Jz) exchanges in
MnPSz and NiPSs, respectively [40]. The neutron scattering measurement has revealed dominant
Jiin FePS;  [46]. However, the magnetic exchange parameters for FePSes have not been
precisely determined yet [37]. In addition, the J1; and Jz are ferromagnetic and antiferromagnetic
respectively [46] for FePSs as shown in Figure 6.4(d), which are mediated through direct and
superexchange pathways respectively [40,46]. This implies that the magnetic interaction in
FePSs is stabilized by the competition between FM J1 and AFM Js. The superexchange Jsis
suppressed with increasing x in FePSezxSx because of the weaker orbital overlap due smaller
atom orbital for S [74]. This suggests lower Tn for FePSz as compared to FePSes, but in fact
FePSs has higher Ty than FePSes [46,61]. This implies that the direct J1 which depends on the
nearest neighbor Fe-Fe distance plays a major role in non-monotonic evolution of Ty in FePSes.
xSx. Indeed, we have obtained the non-linear composition dependence of Fe-Fe distance through
structure refinement using powder XRD for FePSesxSx [Figure 6.4(b)], suggesting non-
monotonic modification of J; which can explain the observed composition dependence of Tn in

FePSesxSx. Thus, FePSesxSx exhibit tunable magnetic exchange with chalcogen substitution but
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maintain the strong anisotropy. On the other hand, despite frustration in the system the magnetic

anisotropy can be modulated with metal substitution in Fe;-xMnyPSes.
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Figure 6.4: (a) Temperature dependence of derivative dy/dT of FePSzxSex (0 < x < 3) (upper
panel) and Fe1xMnxPSes (0 < x < 1) (lower panel) samples. (b) Doping dependence of Fe-Fe
distance (upper panel) and Néel temperature (Tn) (lower panel) for FePSs.xSex. (¢) Doping
dependence of Tn for FerxMnyPSez. (d) Magnetic structure of pristine FeP(S/Se)s showing
nearest-neighbor (J1), second nearest-neighbor (J2), and third nearest-neighbor (Js) interactions.

6.4 Conclusion

In conclusion, we have studied the magnetic properties of FePSes.xSx and Fei-xMnyPSes.
We found robust magnetic anisotropy in pristine FePSes that can be attributed to its Ising-type
magnetism, which can be manipulated through Mn substitution. In addition, they exhibit similar
non-monotonic composition dependence of Ty, arising due to tunable magnetic exchange and
frustration in S and Mn-substituted FePSes, respectively. Our study provides a deeper
understanding of an Ising-type magnetic system, which will offer important strategies to discover

novel 2D magnets and further clarify magnetic phenomenon in 2D.
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Chapter 7: Emergence of possible ferrimagnetism in Li-intercalated NiPS3

Intercalation has become a powerful approach to tune the intrinsic properties and
introduce novel phenomena in layered materials. Intercalating van der Waals (vdW) magnetic
materials is a promising route to engineer the low-dimensional magnetism. Recently, metal
thiophosphates, MPX3, has been widely studied because their magnetic orders are highly tunable
and persist down to the two-dimensional (2D) limit. In this work, we used electrochemical
technique to intercalate Li into NiPSz single crystals and found the emergence of ferrimagnetism
at low temperature in Li-intercalated NiPS3. Such tuning of magnetic properties highlights the
effectiveness of intercalation, providing a novel strategy to manipulate the magnetism in vdW
magnets. This chapter is based on our published work in JOURNAL OF PHYSICS:

CONDENSED MATTER 34, 434002 (2022) (https://doi.org/10.1088/1361-648X/ac8a81) [80].

7.1 Introduction

Intercalation of guest species into layered materials has been established as an effective
technique to modulate their magnetic [78,86-89,177-182], electronic [98,99,183-188] and
optical properties [183,186]. Recently, investigation of vdW magnetic materials and further
tuning their magnetic properties have intensified for both fundamental research and practical

applications [18-23].

Tunable magnetism has been intensively studied in AFM MPX3 (M = transition metal, X
= chalcogen S, Se) compounds which exhibit diverse AFM states with distinct magnetic
exchanges and anisotropies depending on the choice of transition metal M [28,31—
36,39,44,46,60,62,64,106,107,118,119] and chalcogen X [37,72,73]. Substituting M in MPX3 has
been widely adopted as an important technique to modify magnetism [51-66]. A series of
polymetallic “mixed” MPX3 compounds such as Ni1-xMnyPSz, MnyFe1.«PSs, Fe1.xNixPS3, Mn1.
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xZNyPS3, Ni1xCoxPSs and Mn1xFexPSes have been found to be efficient in tailoring the
magnetism of parent compounds [51-66]. Furthermore, substituting S with Se has also been
found to be effective in tuning magnetism [37,72—74]. These doping studies are all based on the
direct mixing of dopants and source materials during synthesis such as flux and chemical vapor
transport (CVT). In addition to substitution, the layered structure of MPX3 allows for another
doping strategy: the inter-layer intercalation of guest ions. A few intercalation works in MPX3
has been reported, which demonstrates successful tuning of their magnetism [78,86-89,180-

182].

Among MPX3 materials, tuning the magnetic properties through intercalation have been
focused on NiPSz [86—-89], which may be due to its high reactivity towards intercalation as
compared to other MPXs materials [89]. The reduction in magnetic susceptibility has been
observed in Li-intercalated NiPSs, while no noticeable changes in FePSs, FePSez and
MnPSes [89]. In addition, various organic-ion intercalations have been found to induce AFM-to-
ferrimagnetic (FIM) [78,86,88] or ferromagnetic (FM) [87] transitions in NiPSs. These are in
sharp contrast to that of metal- or chalcogen-substituted NiPS3 [58,62—-66,74] which features no
such transitions. These differences might be attributed to different consequences of substitution
and intercalation: substitution plays a role mainly in altering magnetic anisotropy and exchange
interactions. Intercalation, however, might lead to carrier doping which is predicted to drive
AFM-to-FM transitions [30,85]. Thus, intercalation could be a promising route to achieve

various magnetic phases in MPX3 that are not accessible by substitution.

In this work, we performed electrochemical intercalation of lithium (Li) into NiPSs single
crystals, LixNiPS3 (0 < x < 0.4), and studied their magnetic properties. We found the emergence

of FIM state at low temperature arising from the uncompensated moments due to Li
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intercalation. Such variation in magnetic properties provides a novel tunable platform that could
be useful for understanding low-dimensional magnetism as well as future technological

applications.

7.2 Experiment

The NiPSs single crystals used in this work were synthesized by a CVT method using 12
as the transport agent. Elemental powders with desired ratios were sealed in a quartz tube and
heated in a two-zone furnace with a temperature gradient from 750 to 550 °C for a week. The
electrochemical intercalations of Li into NiPS3 single crystals were performed in a two-electrode
battery system using electrochemical workstation (Battery testing system 8.0, Neware). The
crystal structures of the obtained crystals were examined by x-ray diffraction (XRD).
Magnetization and heat capacity measurements were performed in a physical property

measurement system (PPMS, Quantum Design).

7.3 Results and discussion

Earlier experimental [62,64] and theoretical [175] studies revealed the magnetic
frustrations in metal-substituted NiPSz due to mixed magnetic elements in the lattice leading to a
remarkable reduction in Tn. The insertion of guest ions into inter-layer spaces leaves the host
layers relatively clean. So, intercalation could be an alternative route to modify the magnetism
without touching the magnetic layers. Previous intercalations of Li [89], cobaltocene [87], and
1,10-phenanthroline [86] in NiPSs have successfully modified its magnetic properties. In those
studies, the intercalation was performed by immersing host materials in solutions containing
intercalant. Compared with such a wet chemical process, electrochemical intercalation is more
controllable [176] and can provide quantitative information. First, the intercalation is driven by

electrical force so a much greater amount of intercalant might be possible. Additionally, the
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process is facilitated by the applied external electric field or potential. Therefore, the doped
charges and hence the amount of intercalant can be quantitively controlled by the amplitude of
current and the intercalation time. And finally, the complete process can be monitored by
measuring the voltage and current, from which the intercalation to sample internal and
electrochemical plating on sample surface can be distinguished. Recently, electrochemical
technique has been used to intercalate organic-ions such as tetrabutylammonium (TBA™) [78]
and tetraheptyl ammonium (THA") [88] in NiPSs. These electrochemical intercalations have

demonstrated dramatic tuning of magnetic properties in NiPS3 [78,88].
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Figure 7.1: (a) Conceptual schematic of electrochemical intercalation process. (b) Schematic of a
coin cell used for electrochemical intercalation (Left image). Optical image of an
electrochemical coin cell used for intercalation (Right image). (c) Discharge curves showing cell
voltage (voltage vs Li/Li") as a function of Li content (x) for LixNiPS3 (0.1<x<0.6) single
crystals. (d) Optical microscope (Left panel) and scanning electron microscope (SEM) (Right
panel) images of the pristine and intercalated single crystals.
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Given its effectiveness, we used electrochemical intercalation method in this work to
insert Li into NiPSs single crystals. Li intercalation in NiPSsz has already been performed using
electrochemical [177-179] and wet chemical [89] techniques, on which enhanced conductivity
and reflectivity, potential use as battery cathodes, etc., were observed. While these pioneer
studies have demonstrated successful Li intercalation in NiPSs, the effect of intercalated Li on
the magnetic properties is not clear. In this work, we performed extensive Li intercalation studies
on NiPSs to investigate the systematic variation of magnetism with Li content. Figure 7.1(a)
shows the conceptual schematic of electrochemical intercalation process and Figure 7.1(b) shows
the actual experimental setup. The setup consists of a two-electrode system, where the host
NiPSz single crystal and a Li metal were fixed on cathode (working electrode) and anode
(counter and reference electrode), respectively. Both electrodes were immersed in an electrolyte
containing a solution of Lithium bis-trifluoromethanesulfonimide (LiTFSI) salt in
Dimethoxyethane (DME) and Dioxolane (DOL) (1:1 ratio) solvents. Compared to wet chemical
method, electrochemical intercalation uses electrical force to facilitate the intercalation process
through externally applied current or potential, therefore it is more controllable as described
above. In our experiment, Li intercalation was driven by discharging the cell with a constant
current of 20 pA. Similar current was used to intercalate TBA™ ions [78]. During the discharging
process, lithium is oxidized into lithium cation (Li*) and electron at anode. The electron flows
from anode to cathode through the external circuit. For each such electron, a Li* cation is
intercalated to host NiPS3 through the electrolyte to maintain the charge neutrality, as shown in
Figure 7.1(a). Thus, the Li concentration in the host can be controlled by controlling the total
amount of charge (i.e., integral current over time) transferred from anode (Li) to cathode (NiPSs

host). The degree of lithiation x (number of Li atoms intercalated per mole of NiPS3) used in this
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paper was calculated using, x = (ItM)/(eNam), where I, t, M, e, Na, and m are discharge current,
time of intercalation, molar mass of NiPSs, electron charge, Avogadro’s constant, and mass of
the host NiPSz single crystal, respectively. The variation of electrochemical potential with
respect to Li/Li* during the intercalation was recorded, and the resulting discharge curves
showing cell voltage (voltage vs Li/Li*) as a function of Li content (x) in LixNiPS3 (0.1 <x<0.6)
single crystals are presented in Figure 7.1(c). The initial cell voltage (= 2-2.5 V) for all the
samples is close to the previous Li intercalations [177-179]. However, the discharge curves
obtained for our samples are different than the reported results [177,178]: In earlier studies, the
shape of discharge curve for LixNiPSs is found to be dependent on the applied current and
electrolyte [178,179]. Such discrepancy may be attributed to different current, and the electrolyte

used in our experiment.

To minimize possible extrinsic factors, in each intercalation experiment, we used a single
piece of NiPS3 crystal with similar mass and size. The self-diffusion rate of intercalated Li* ions
in NiPSs is also found to be low (103-101* cm?s1), and both homogeneous and inhomogeneous
distribution of Li* ions have been predicted for 0 < x < 0.5 compositions in LixNiPSz [67]. To
facilitate efficient Li diffusion and homogeneous intercalation, the coin cells were heated at 50°C
throughout the process. We have also been careful to avoid excessive heating of the battery at
elevated temperatures. How Li intercalates to host material, such as random distribution in vdw
gaps, or form a certain pattern suggested in a previous study [67], are important to gain a deep
understanding of the correlation between structure and properties of LixNiPSz. Unfortunately, the
distribution of Li cannot be probed by the commonly used x-ray-based techniques such as x-ray
crystallography and Energy dispersive X-ray Spectroscopy (EDS). Although direct observations

of composition homogeneity and Li distributions are not available, as will be discussed below,
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we do observe a systematic evolution of the magnetic properties with increasing the nominal Li

dopant amount.

After the completion of intercalation, the discharged cells were opened inside a
glovebox. The intercalated samples [Figure 7.1(d)] were cleaned to remove the electrolyte from
the sample surface. Despite previous studies showing higher amount of Li intercalation (up to x =
3.6) in NiPS3[179], we found the single crystals broken into small pieces and degraded for
relatively low Li concentration (x = 0.5) as shown in Figure 7.1(d), which has been verified in
multiple trials. In our experiments, intercalation of Li up to x > 0.4 led a large fraction of the
crystal to convert into amorphous form, which was difficult to isolate from the coin cell for
further characterizations. The progressive amorphization of NiPS3 crystals upon Li intercalation
is indeed possible [180]. Therefore, we performed magnetization and heat capacity
measurements for samples whose crystallinity remains good, i.e., up to x = 0.4. Although
powdered samples of Li-intercalated NiPSz have been found to be highly air sensitive [180], our
Li-intercalated single crystals (x < 0.4) were stable in air and we were able to obtain reproducible
results on samples after long time (weeks) of air exposure. Similar sample stability has also been
observed in organic-ion intercalated NiPSz crystals [78].

The quality of the Li-intercalated crystals is checked by XRD. Unlike the recent organic-
ion intercalation study which reports completely different XRD spectra from the pristine NiPS3
[78,88], in our Li-intercalated samples the sharp (00L) XRD peaks corresponding to pristine
NiPSs are probed in x = 0.1 - 0.4 samples, but greatly suppressed in the x = 0.4 sample and
eventually barely observable for x = 0.5 and 0.6. This suggests the retention of the host lattice for
X < 0.4 without the formation of any hybrid superlattice seen in organic-ion intercalation [78].

Tiny additional peaks were detected in x = 0.3 and 0.4 as denoted by asterisk in Figure 7.2(a),
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Figure 7.2: (a) Single-crystal x-ray-diffraction pattern of LixNiPS3 (0 < x < 0.6) showing the
(O0L) reflections. Right panels show (001) diffraction peak. (b) Evolution of inter-layer distance
with Li content (x). (c) Schematic of the expanding inter-layer spacing upon Li intercalation.

likely due to the formation of LisPS4 due to the partial degradation at the sample edges [181].
Such degradation eventually resulted in complete destruction upon increasing the Li
concentration beyond x = 0.4. Furthermore, our XRD results also confirm the successful Li
intercalation. The (O0L) peaks display systematic low angle shift with increasing Li amount up to
x = 0.4, indicating increased inter-layer spacing with Li intercalation as summarized in Figure
7.2(b). Such expansion of inter-layer spacing is expected when Li enters the vdW gap, as
illustrated in Figure 7.2(c). The small expansion (= 0.36% for X = 0.4) is in line with the previous
Li intercalations in NiPS3[89,177], but in stark contrast to organic-ion intercalations [78,88].

Such a small change in lattice after light Li intercalation has also been observed in other
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materials like MoS> [182], (V1xTix)S2[183], etc. and can be understood in terms of the
occupation of smaller Li* ions in the octahedral sites in the vdW gap of NiPS3[89,177,180,184].
The organic-ion intercalations have been found to induce ferrimagnetic (FIM) state at low
temperatures in NiPSz [78,88]. These FIM states are characterized by hysteresis loops in
isothermal field dependence of magnetization [M(H)] measurements at low temperature [78,88].
To investigate the effects of Li intercalation, we also measured the M(H) for LixNiPS3 (x = 0-0.4)
under in-plane (H//ab) (blue color) and out-of-plane (H_Lab) (red color) magnetic fields (Figure
7.3). In this work, we have used the same crystals for XRD, magnetization and heat capacity
measurements. For pristine NiPSs (x = 0), the magnetization shows linear field dependence at
low fields for both H//ab and H_Lab but exhibit a clear upturn under H//ab field of ~6 Tat T =2
K Figure 7.3(a). Such a metamagnetic transition under an in-plane field in NiPS3 has recently
been attributed to a spin flop (SF) transition [64], which has been verified by other experiments
such as nuclear magnetic resonance (NMR) [185] and photoluminescence [186]. This SF
transition under H//ab agrees well with the nearly in-plane orientation for Ni moments [31]. With
the introduction of Li, the SF transition becomes less apparent, which is consistent with the
highly sensitive nature of SF transition towards doping in Mn-substituted NiPS3 [64]. The
modification of SF behavior is accompanied by nonlinear M(H) at low fields under both H//ab
and HLab Figure 7.3(a). Such nonlinearity has been ascribed to the development of the local
ferromagnetic component due to moment canting in Mn-substituted NiPS3 [64], but the lack of
magnetic hysteresis suggests AFM ground state [64]. In Li-intercalated NiPSz studied in this
work, however, the low field magnetization exhibits clear hysteresis loops Figure 7.3(b). These
hysteresis loops are reminiscent of that of the organic-ion intercalated NiPS3 [78,88], suggesting

the emergence of FIM ordering at low temperature after Li intercalation. After removing the
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linear magnetization background, we can clearly see the moment saturation for Li-intercalated
samples, as shown in Figure 7.3(c). Such hysteresis and moment saturation may also arise due to
ferromagnetism (FM), but the magnetization values in the order of 10-3ug per Ni atom similar to
organic-ion intercalation [78] is much lower than the saturation moment of Ni?* (=~ 2.82 us),
implying FIM rather than FM ordering at low temperature [78]. Interestingly, the coercive fields
(Hc) for hysteresis loops and saturated moment (usat) Show non-monotonic evolution with
increasing X: both usat and Hc are enhanced until they suddenly drop for x = 0.4 sample [Figure

7.3(d)], which will be discussed later.
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Figure 7.3: (a) Field dependence of magnetization of LixNiPS3 (0 <x <0 .4) at T = 2 K for out-of-
plane (HLab, red) and in-plane (H||ab, blue) fields. The dashed lines are guide to eye. (b) Low
field magnetization of LixNiPS3 (0 <x <0.4) at T = 2 K. (c) Field dependence of magnetization
of LixNiPS (0.1 <x <0.4) at T = 2 K for in-plane fields after subtraction of linear magnetization
background. (d) Evolution of saturation moment (usat) (left axis) and coercive fields (Hc) (right
axis) with Li content x.
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The FIM state is further supported by the temperature dependence of susceptibility (y)
measurement presented in Figure 7.4. For pristine NiPSs, where Ni moments align within the
basal plane [31], the in-plane susceptibility (y) drops rapidly while the out-of-plane
susceptibility (y1) shows weak T-dependence below Tn =~ 155 K, as shown in Figure 7.4(a). Tn is
roughly unchanged in Li-intercalated samples (x = 0.1-0.4), which is better illustrated in Figure
7.4(b) which displays the zoom in of the data near the magnetic transition temperature. The
observed magnetic anisotropy also indicates roughly unchanged magnetic easy axis upon Li
intercalation. This is consistent with an earlier NMR study of LixNiPS3[187], which propose the
retention of the host’s AFM ordering up to x = 0.5. The unaltered Tn with Li intercalation has
also been observed in the specific heat measurements presented in Figure 7.5(a), which agrees
well with the previous Li intercalation study carried out by immersing samples in n-butyllithium
solution [89]. Such robustness of the ordering temperature can be understood in terms of the
exchange interaction mechanism in pristine NiPSs. The magnetic exchange in NiPSsz is mainly
dominated by the intra-layer interaction, where the inter-layer interaction is found to be
negligible in earlier studies because of the large vdW gap [38,40,41]. A relatively large inter-
layer ferromagnetic interaction has been revealed by neutron spectroscopy measurement in
NiPSz single crystal than other MPX3 compounds [188], but it is still significantly weaker than
the dominant intra-layer third neighbor exchange Js. So, the overall magnetic interaction is still
governed by the intra-layer exchanges. As discussed earlier, Li* ions occupy positions in the
vdW gap, so the modification of the intra-layer exchange interaction seems less likely to happen.
In addition, the intra-layer magnetic interactions are superexchange in nature mediated through S
atoms [38,40,41], which are weakly dependent on the Ni-Ni distance [143]. Though inter-layer

intercalations have tiny effects on the in-plane lattice [177,203,204], the superexchange remains
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intact even if the in-plane lattice parameters are slightly modified, leading to essentially

unchanged magnetic transition temperature.
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Figure 7.4: (a) Temperature dependence of out-of-plane (H_Lab, red) and in-plane (H||ab, blue)
molar susceptibility (y) of LixNiPS3 (0 <x <0.4) samples. The black triangles denote Tn. (b)
Temperature dependence of out-of-plane (H_Lab, red) and in-plane (H||ab, blue) molar
susceptibility y of LixNiPS3 (0 < x <0.4) samples in the temperature range 100-200 K.

The organic-ion intercalated NiPSz feature no obvious PM-AFM transition in the vicinity
of Tn = 155 K for pristine NiPS3 [78,88]. Instead, both y; and y1 undergo sudden increase below
T = 100 K, which together with the magnetic hysteresis loops have been attributed to FIM
ordering at low temperature [78,88]. Similar rapid increase in the susceptibility is also seen at T
< 80 K in our Li-intercalated samples, which becomes more pronounced with increasing degree
of lithiation [Figure 7.4(a)]. Such low temperature anomaly in M(T) is also observed in specific
heat measurements. As shown in Figure 7.5(b), the low temperature specific heat for pristine

NiPSs (x = 0) does not display any anomaly and follows conventional C(T) = yT + ST%, where yT

and BT8 are electronic and phonon specific heat, respectively. Upon increasing Li content (x), the
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low temperature specific heat starts to deviate from linear C/T vs T2 behavior, which is in line

with the upturn in M(T) measurements and may be attributed to magnetic contributions.
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Figure 7.5: (a) Temperature dependence of specific heat capacity of LixNiPS3 (0 <x <0.4)
samples. The black triangles denote Tn. (b) Low temperature specific heat capacity of LixNiPS3
(0 < x <0.4) samples. (c) C/T vs T?data plotted for x = 0 and 0.1 samples with linear fits (Black
solid lines) to C/T =y + BT2.

In an earlier study on chemically intercalated LixNiPSs using n-butyllithium solution, the
magnetic susceptibility has been found to reduce with Li intercalation [89]. Such behavior has
been ascribed to an impurity phase with substantially lower magnetization [89]. In our
electrochemically intercalated LixNiPSs, however, the value of low temperature molar
susceptibility enhances systematically [Figure 7.4(a)], implying minimized impurity phases
which is also consistent with the previous NMR study [187] which demonstrates the persistence
of host NiPSz phase for x < 0.5. Thus, the magnetic hysteresis in M(H), anomalies in M(T) and
C(T) can be attributed to the emergence of FIM correlation at low temperature.

Recently, similar suppression of AFM correlations and the rise of a FM state at low

temperature was observed in Co-doped NiPS3z nanosheets, which is manifested by the magnetic

hysteresis loops and remarkable increase of the magnetic susceptibility [65]. Such FM ordering
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has been ascribed to the presence of S vacancies in the lattice [65]. However, S vacancies may
not be responsible for the emergence of FIM state in our Li-intercalated NiPSz because it should
affect superexchange interactions and eventually change Ty in a way similar to that of Co-doped
NiPS3 [65], which is inconsistent with the unchanged Tn in our samples (Figure 7.4). Instead, the
development of FIM state can be explained based on the magnetic structure of pristine NiPSz. As
shown in Figure 7.6, within the Ni layer, the Ni moments exhibit a zig-zag AFM order consisting
of bi-collinear ferromagnetic (FM) chains along the a-axis [31,40,41], resulting in the intra-chain
FM and inter-chain AFM correlations. Upon Li intercalation, the total magnetic moments of
these two antiferromagnetically coupled zigzag chains x[Ni(1)] and x[Ni(])] become unequal,
giving rise to a net magnetic moment (Figure 7.6). The emergence of the net in-plane magnetic
moment is supported by the monotonic increase of the usat and Hc up to x = 0.3 when field is
applied within the plane, as shown in Figures 7.3(c) and (d). The x = 0.4 sample, however,
exhibits an abnormal decrease in both usat and Hc. This can be understood in terms of the
development of the non-magnetic impurity phase as stated above [Figure 7.2(a)], or the
enhancement of superexchange up on carrier doing as will discussed below. The LisPS4 impurity
phase may not play a significant role in mediating the evolution of magnetic properties, because
LisPS4 does not display magnetic order nor strong magnetism. Considering the host material is
magnetic, LisPS4 should not create strong magnetic signal to significantly impact the measured
magnetic properties. Our susceptibility measurements (Fig. 7.4) reveal systematically increased
magnetic susceptibility. Therefore, LizPS4 impurity phase might affect the measured properties
via reducing the volume fraction of the LixNiPSs in the entire sample, which leads to the reduced
coercive field and saturation moment. In addition, the reduction of usat and Hc may also be

caused by the re-emergence of AFM ordering due to the enhancement of superexchange
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interaction up on carrier doping as seen in organic-ion intercalated NiPS3 [88]. This is also
supported by our specific heat measurements. The deviation of the low temperature specific heat

from the C/T o T? dependence [Figure 7.5(b)] implies magnetic contributions, which is less

likely to be caused by nonmagnetic LizPSs.

A few mechanisms have been proposed for such uncompensation between two oppositely
aligned Ni chains. A previous study of organic-ion intercalation in NiPS3 [78] has demonstrated
the reduction of high spin Ni?* in octahedral (On) sites to low spin Ni° state followed by its
displacement to tetrahedral (Tq) sites. Such reductive displacement of Ni?* ions has been ascribed
to the development of FIM component at low temperature. Similar displacement of Ni?* ions
from On to Tq sites has been shown in earlier x-ray absorption [180] and Raman [184] studies of
Li-intercalated NiPS3. Therefore, a similar scenario for FIM state can also be expected in our Li-

intercalated samples.

WNI )
e i i i s
L:W%Am

w [Ni (H] = u [Ni ()] Liintercalation , [Ni ()] # 1 [Ni ()]

Figure 7.6: In-plane magnetic structure of pristine NiPSz showing two antiferromagnetically
aligned Ni chains. The total magnetic moments of these chains become unequal upon Li
intercalation.

Another organic-ion intercalation study suggests a different mechanism based on the
Stoner effect [88]. At an appropriate electron doping level, the density of states (DOS) at Fermi
level increases and eventually triggers the inter-chain Stoner splitting of the itinerant electrons.
This can result in the higher electron concentration in one Ni chain and lead to net magnetic

moment. A previous Raman study of LixNiPSs has demonstrated electron doping to the host
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lattice [184] which is necessary to induce the Stoner effect [88]. In fact, charge carrier doping is
found to be more significant in case of Li intercalation than the organic-ion intercalation
[78,184]. Therefore, the Stoner effect may play a role in Li-intercalated NiPS3, which is
supported by the enhanced Sommerfeld coefficient (y) in specific heat measurements [Figure
7.5(c)]. Enhanced vy in specific heat measurements suggests increased DOS near the Fermi level
DOS(Er), which is required to induce the Stoner effect. We did not observe conductivity
enhancement, probably because DOS(EF) is still too low, or due to the presence of other
mechanisms such as electronic correlation effects. Furthermore, the net magnetic moment is
found to disappear at higher electron doping concentration because of enhanced superexchange
between two adjacent Ni chains leading to the revival of AFM ordering [88]. Similar suppression
of FIM ordering and rise in the AFM interaction could be the reason behind the reduction of both
usat and He in the highest Li-intercalated sample we have measured i.e., x = 0.4 [Figure 7.3(d)].
Although further experimental and theoretical efforts are needed to clarify the non-monotonic
evolution of usat and He, the observed modulation of the magnetic states highlights the ability of

intercalation in tuning the magnetism of MPX3 materials.

7.4 Conclusion

In conclusion, we have demonstrated successful Li intercalation in NiPSs single crystals
using electrochemical technique and investigated their magnetic properties through
magnetization and specific heat measurements. Our study reveals the existence of
ferrimagnetism at low temperature resulting from the uncompensated magnetic moments in an
intercalated AFM system. Such tuning of the magnetic properties suggests that intercalation can
be a novel route to control magnetism in MPXs, in addition to the traditional substitution

technique.
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Chapter 7: Conclusion and Outlook

In this dissertation, we have investigated the magnetic properties of MPXz family in
different aspects including crystal growth, elemental characterization, structure determination,
and magnetism. This dissertation has mainly focused on tuning magnetic properties in MPX3
materials through various strategies such as substitution of M and X, and interlayer intercalation.
Their magnetic properties have been found to be efficiently tunable with these techniques.

We started with single crystal synthesis of MPX3 compounds using CVT method. We
successfully synthesized several metals- and chalcogen-substituted MPXs materials such as Ni1-
xMnPS3 (0 <x < 1), NizxCryPS3 (0 <x <0.09), FerxMnyPSe3 (0 <x < 1), MnPS3xSex (0 <x < 3),
FePSzxSex (0 < x < 3), and NiPS3xSex (0 < x < 1.3). The elemental composition and crystal
structure of these compounds were characterized using EDS and XRD, respectively. In addition,
the successful metal and chalcogen substitutions were also confirmed using these techniques.

MPX3 exhibits diverse AFM ordering, in which the transition metal ions M carry
localized moments in a layered honeycomb lattice. Their magnetic exchange and anisotropy are
strongly dependent on the choice of M, so substituting M can modify their magnetic properties.
In MnPS3, the spin-flop (SF) transition has been found to be highly sensitive to Ni substitution.
The SF field is significantly suppressed (almost by half) by replacing just 5% Ni for Mn. This is
likely attributed to the modification of magnetic anisotropy upon Ni-Mn substitution, which
could arise due to large difference in single-ion anisotropies for Mn?* and Ni?* ions. Recently,
metal substitution has been predicted to induce AFM to FM transition in MPX3. However,
traditional isovalent metal substitutions are unable to achieve FM phases. Given such AFM to
FM transition has been widely seen in Cr-based layered magnets, we studied previously

unexplored Cr-substituted NiPS3. Our work reveals field-induced transition from AFM to FM
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state in light (= 9%) Cr-substituted NiPSs. Such behavior can be ascribed to weaking of magnetic
anisotropy upon Cr substitution, which will facilitate polarization of moments under magnetic
field, as commonly seen in Cr-based layered magnetic materials.

Compared to M substitutions, replacing X ions would provide a relatively clean approach
without touching M ions to modulate magnetism. This dissertation has also demonstrated the
effective control of magnetic exchange and anisotropy through non-magnetic chalcogen
substitution in MPX3. Here, we found distinct doping dependencies of the magnetic ordering
temperature (Tn) in MnPS3xSexand NiPS3Sex (0 < x < 3). This is likely due to difference in
their dominant exchange interactions i.e., direct M-M interaction in MnPS3 whereas
superexchange M-X-M interaction in NiPSs. Substituting Se for S suppresses direct M-M
interaction leading to reduction in Tn in MnPS3 while it enhances superexchange M-X-M
interaction resulting in rise of Tn in NiPSs. Furthermore, the magnetic axis in MnPSz.xSex is
switched from out of plane to in-plane direction above x = 0.7 but remains intact up to x = 1.3 in
NiPSzxSex. The situation is different for FePSz.xSey, in which (1) the Tn exhibits non-monotonic
evolution and (2) the magnetic easy remains unchanged with S-Se substitution, which are
different than that of MnPSs.xSexand NiPSzxSex. The non-monotonic variation of Ty in FePSa.
xSex could arise due to its more complex exchange mechanism than that of Mn and Ni systems.
The lack of modification of easy axis could be attributed to highly anisotropic Ising-type
magnetism for parent compounds FePSs and FePSes, which have strong tendency to maintain
their magnetic order. Moreover, we found that the magnetic anisotropy in FePSes can be
modified with metal substitution though not as efficiently as in Ni and Mn systems. Substituting
more than 90% of Mn for Fe is required to switch easy axis from out of plane towards in-plane

direction in FePSes.
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In addition to M and X substitutions within the layer, the vdW-type structure allows for
another doping strategy i.e., intercalation of guest ions into inter-layer spacing. Here, we
performed electrochemical intercalation of Li into NiPSsz. We found the emergence of
ferrimagnetism in Li-intercalated NiPSs, which is characterized by hysteresis loops in isothermal
field dependence of magnetization at low temperature. Such ferrimagnetic state could arise from
uncompensated moments between AFM Ni chains due to Li intercalation.

Our work provides various tunable platforms that could be useful to understand low-
dimensional magnetism and develop magnetic materials-based nanodevices for future spintronics
applications. In addition to bulk AFM properties in MPX3, recent studies have demonstrated the
persistence of AFM ordering in atomically thin limit. So far, only FePS3z and MnPSes have been
found to exhibit magnetic ordering up to monolayer limit. This has been attributed to the robust
Ising-type and XY-type antiferromagnetism for FePSs and MnPSes respectively, which can
withstand the strong thermal fluctuations in monolayer limit. The studies of 2D magnetism in
MPX3 have been limited to a few pristine compounds. This dissertation provides an opportunity
to extend the investigation of 2D magnetism in doped (substituted and intercalated) systems.
Such doped compounds offer suitable material systems to explore tunable magnetism in low
dimension. This will also help to clarify the evolution of magnetism in 2D limit and broaden

their scope for potential applications in future technology.
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