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Abstract

Abstract

The simple exfoliation of graphene from the bulk graphite using scotch tape opened a new
phase of condensed matter in 2004. From the monumental demonstration, a flush of studies
on 2D van der Waals (vdW) materials followed, and eventually, the first 2D vdW
antiferromagnetic monolayer was experimentally demonstrated in 2016. 2D vdW magnets
are the ideal platform for studying 2D magnetism. Different spin Hamiltonian models in
diverse vdW magnets provide the experimental testbed for a theory of 2D magnetism. The
research field on vdW 2D magnet has expanded from the intrinsic magnetic property on

the pristine material to heterostructure and even the moiré structure.

As the research area has expanded rapidly, the proper probing techniques are
essential for the vdW magnet study. Despite their physical significance and promising
applications, determining the magnetic state of ultrathin vdW magnets, especially the
antiferromagnetic order, remains an ongoing challenge. The small volume of exfoliated
vdW material poses the first obstacle to detection, and the zero net magnetization in

antiferromagnets presents an additional hurdle.

To expand the measurement technique and find the emergent phenomena in the
2D limit, I applied X-ray photoemission microscopy (X-PEEM) with linearly polarized X-
rays to investigate the 2D vdW antiferromagnet. X-ray magnetic linear dichroism can
detect the antiferromagnetic order from the optical dipole selection rule. The high spatial

resolution of X-PEEM enables us to measure the exfoliated few-layer vdW antiferromagnet
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with lateral dimensions on the order of a few micrometers.

In my study, I focused on examining the magnetic properties of two different spin
Hamiltonian vdW antiferromagnets: Ising type FePS; and anisotropic Heisenberg type
NiPS;. I confirmed that the long-range antiferromagnetic order persisted down to
monolayer FePS; as Onsager theoretically expected in the 1960s. Furthermore, I quantified
the magnetic anisotropy of FePS; as a function of thickness by analyzing observed X-ray
absorption spectra and conducting multiplet calculations. Bulk FePS; possessed large
magnetic anisotropy stemming from the unquenched orbital moment and spin-orbit
coupling. Additionally, the thickness dependence on magnetic anisotropy provided the
insight into the substrate effect, a factor often overlooked in vdW materials research. In the
case of exfoliated NiPSs, I observed the antiferromagnetic domains. They showed the
thermal fluctuations demonstrating the Néel vectors’ mobility. I figured out that the
formation and thermal fluctuation of domains originated from the small magnetic

anisotropy of NiPSs.

Keywords: 2D van der Waals magnet, Antiferromagnetism, X-ray photoemission electron

microscopy, X-ray magnetic linear dichroism
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 Two-dimensional van der Waals magnet
Van der Waals (vdW) materials are characterized by their layered structures and relatively
weak interlayer interactions. This property allows for the straightforward creation of two-
dimensional (2D) magnets using adhesive tape and a single crystal of a vdW magnet, as
first demonstrated with graphene. Before the realisation of 2D magnets from the exfoliation
of vdW magnet, there have been attempts for the experimental achievement of the 2D
magnetic system. The anisotropic exchange interaction, large intralayer coupling compared
to the interlayer coupling, can be found in the quasi-2D bulk magnet such as K,NiF4 [Ref.
1.1]. The monolayer epitaxial ferromagnetic film [Ref. 1.2] and dilute magnetism in
graphene [Ref. 1.3,1.4] achieved the coincident 2D spin and space dimensionality.
Eventually, the magnetic vdW monolayer FePS3; was demonstrated in 2016 [Ref. 1.5]. The
vdW magnet’s merits over other 2D magnetic systems are the emerging physical
phenomenon in the hetero- or homo-structures. Their intrinsic magnetism and weak
interlayer coupling allow the diverse recombination with new functionality.

Theoretical foundations, such as Onsager's solution for the Ising system [Ref. 1.6],
the Mermin-Wagner theorem [Ref. 1.7], and the Berezinskii—Kosterlitz—Thouless (BKT)
transition in the XY model [Ref. 1.8], have predicted the 2D magnetism about 50 years

before the first demonstration of 2D vdW magnet [Ref. 1.9]. These theories emphasize the
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importance of magnetic anisotropy in 2D magnetic systems. In such systems, enhanced
thermal fluctuations disrupt continuous rotational symmetries and short-range magnetic
order. However, magnetic anisotropy can stabilize long-range magnetic order by opening a
magnon excitation gap that counteracts the thermal agitation of magnons.

In contrast to the isotropic exchange interactions commonly found in three-
dimensional (3D) magnets, van der Waals magnets exhibit highly anisotropic exchange
interactions, with a significantly stronger in-plane exchange coupling compared to the out-
of-plane component. The spin Hamiltonians, which describe the anisotropic exchange
interactions, can vary widely among vdW magnets. For example, isostructural materials
with different magnetic cations or non-magnetic anions can exhibit distinct magnetic

anisotropies and be characterized by different spin Hamiltonians.

1.1.1 Transition metal thiophosphates TMPS;
Transition metal thiophosphates (TMPS3) with magnetic atoms (TM = Mn, Fe, and Ni) are
isostructural insulators featuring a two-dimensional honeycomb magnetic lattice. Each
compound is described by a distinct spin Hamiltonian: MnPS; by an isotropic Heisenberg
model [Ref. 1.10], FePS; by an Ising system [Ref. 1.11,1.12], and NiPS; by an anisotropic
Heisenberg Hamiltonian [Ref. 1.13,1.14,1.15,1.16]. The differences in magnetic
anisotropies result from a combination of orbital momentum from trigonal distortion on
TMS¢ octahedra and spin-orbit coupling [Ref. 1.17].

Theoretical predictions regarding these different 2D spin models were confirmed

through thickness-dependent experiments on the magnetic order of TMPS;. The substantial
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perpendicular magnetic anisotropy in FePS; preserved its long-range magnetic order down
to a monolayer [Ref. 1.9]. Consistent with the predictions of the Mermin-Wagner theorem,
MnPS; and NiPS; lost their long-range magnetic order at the monolayer level [Ref.

1.18,1.19,1.20].

1.2 Study of vdW antiferromagnet using XMLD-PEEM
Studying the magnetic state of atomically thin vdW antiferromagnets (AFMs) poses
significant challenges due to their small volume (~0.1 mm? for an exfoliated vdW flake)
and the minuscule magnetic signal of AFMs. While neutron scattering and superconducting
quantum interference device (SQUID) magnetometers successfully measure the magnetic
properties of bulk AFMs, they are unsuitable for atomic-scale thin samples, as they require
a larger volume to detect the magnetic signal. Consequently, extensive efforts have been
made to utilize optical and electrical probes to investigate the magnetic properties of vdW
AFMs in the monolayer limit.

Optical probes such as Raman spectroscopy and second harmonic generation
(SHG) have been employed to detect magnetic order in ultrathin vdW AFMs. Raman
spectroscopy can identify quasiparticle excitations, such as phonons and magnons [Ref.
1.9,1.20,1.21]. [Ref. 1.9] demonstrated that long-range magnetic order led to symmetry
breaking, resulting in Raman peak splitting of the phonon mode. SHG is also sensitive to
symmetry breaking caused by magnetic order [Ref. 1.19,1.22,1.23]. However, these
techniques require strong spin-phonon coupling and specific symmetry conditions to detect

the magnetic signal. For instance, inversion-broken Néel-type AFM MnPS; exhibits a
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substantial SHG signal, while inversion-symmetric zigzag-type AFM FePS; and NiPS;
display negligible SHG intensities [Ref. 1.22].

Electrical probes have been employed to study few-layer vdW AFMs, despite
most of these materials being insulators or semiconductors. Researchers have fabricated
graphene/few-layer insulating AFM/graphene structures and measured tunnelling
magnetoresistance (TMR), which is dependent on the magnetic state of the insulating AFM
[Ref. 1.24,1.25,1.26]. Other approaches include magneto-transport and magnon transport
with heavy metals. By utilizing the spin Hall and inverse spin Hall effects with heavy
metals, it is possible to measure magnetoresistance and magnon signals of few-layer vdW
AFMs [Ref. 1.27,1.28]. However, these electrical methods indirectly assess the magnetic
state and often involve complex fabrication processes.

In this study, we demonstrated that X-ray photoemission electron microscopy
(XPEEM) with linearly polarised X-rays is an effective tool for detecting 2D vdW AFMs.
XPEEM ofters high spatial resolution on the order of tens of nanometres, enabling the
probing of magnetic signals in exfoliated vdW AFMs and capturing nanometre-sized spin
textures. Additionally, XPEEM exhibits high sensitivity to antiferromagnetic order. X-ray
absorption intensities depend on the multiplet structure of the ground and excited states
[Ref. 1.29,1.30], allowing for the investigation of local electronic and magnetic structures.
The intensities vary based on the incident X-ray polarization due to the dipole selection
rule [Ref. 1.31,1.32]. In particular, X-ray linear polarization dependence on magnetic order
(X-ray magnetic linear dichroism, XMLD) is sensitive to the expectation value of the

square local magnetic moment <M>> [Ref. 1.31,1.33]. Consequently, XMLD-PEEM can
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be applied to study ferromagnets, ferrimagnets, and even AFMs.
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Figure 1. Optical and electronic probes of few-layer vdW AFM. (a—b) Raman
experiments on FePS; [Ref. 1.5]: (a) Temperature dependence and (b) thickness
dependence of FePS; Raman signals. (c—d) SHG experiments on TMPS;: (¢) Temperature-
dependent SHG signal in bulk TMPS; [Ref. 1.22], and (d) thickness-dependent SHG in
MnPS; [Ref. 1.19]. (¢) TMR of bilayer AFM Crl; [Ref. 1.25]. (f) Spin Hall experiment on
CrPS4/Pt heterostructure [Ref. 1.27]. (g—i) XMLD-PEEM experiments on FePS3 and NiPS3
in this thesis: (g) Schematic representation of an X-PEEM experiment with two-linearly
polarised X-rays, (h) temperature dependence of XMLD intensity in few-layer FePSs, and

(i) spin texture (antiferromagnetic domain) in exfoliated NiPSs.
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1.3 Outline of thesis

This thesis investigates the magnetic properties of TMPS; (TM = Fe and Ni) using XMLD-
PEEM. Chapters 2 and 3 provide the theoretical and experimental background to elucidate
this work, while Chapters 4 and 5 detail the experimental results.

Chapter 2 offers a comprehensive theoretical overview, outlining the X-ray
absorption process and deriving X-ray magnetic linear dichroism from the dipole selection
rule. Multiplet calculations using the multiplet ligand field model were performed to
analyze the X-ray absorption and linear dichroic spectra. The Hamiltonians used in these
calculations are explained in the chapter. Magnetic anisotropy and antiferromagnetic
domains are briefly introduced as they are investigated using X-PEEM experiments on
FePS; and NiPS;. Finally, chapter 3 describes the experimental techniques, including the
beamline facility and sample preparation.

Chapter 4 based on [Ref. 1.34] demonstrates the significant magnetic anisotropy
in few-layer FePS;. XMLD-PEEM probed the long-range antiferromagnetic order in a
temperature- and thickness-dependent manner. Magnetic anisotropy as a function of
thickness was estimated from the XMLD spectra. Although magnetic anisotropy decreased
in monolayers compared with the bulk samples, spontaneous antiferromagnetic order was
preserved down to the monolayer level.

Chapter 5 presents the antiferromagnetic domains in NiPSs3;, examining these
domains in exfoliated NiPS; as a function of temperature. The temperature dependence
indicated that domain contrast arises from the antiferromagnetic order, not from crystalline

twin defects. Theoretical analysis, Monte Carlo simulations, and multiplet calculations
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revealed that small magnetic anisotropy was the primary mechanism underlying NiPSs;
antiferromagnetic domains. Lastly, Chapter 6 provides a summary and outlook for applying

XMLD-PEEM in the study of two-dimensional vdW AFMs.
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2.1 X-ray absorption and linear dichroism

2.1.1 X-ray absorption

Energy of one photon (eV)
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Figure 2. 1 Energy and wavelength of electromagnetic spectrum

The resonant light-matter interactions depend on the photon energy of electromagnetic
waves. For instance, the infrared energy corresponds to molecular vibrations, and UV and
visible light’s energy is resonant to valence electrons’ hopping. The energy scale of X-ray,
which is of interest in this thesis, is in the range of 0.1 to 100 keV, resonant to the core-
level electrons.

When X-rays are incident upon the matter, they excite core electrons to empty
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valence states, creating core holes. The core holes are re-occupied by electrons from
energetically higher states. The additional energy from the re-occupied electrons promotes
the emission of fluorescent photons and Auger electrons. The emitted Auger electrons
subsequently produce a cascade of secondary electrons. The absorption intensity is
measured by detecting the emitted photons or electrons. The escape depths of the emitted
Auger and secondary electrons are approximately 0.5 nm and 6 nm, respectively, whereas

that of the fluorescent photons is approximately 100 nm.

Auger & secondary electrons
out

o—O—

Xravi
rayin X-ray out

._._. core hole 2P
. . 2P

Figure 2. 2 X-ray absorption process for 3d transition metal atom
The absorption process follows the selection rule, which conserves the orbital and
magnetic moments. This selection rule results in the X-ray magnetic dichroism, as

described in the following section.
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2.1.2 Magnetic linear dichroism in X-ray absorption

Strong X-ray magnetic dichroism (XMD) has been theoretically predicted at the M, s-edge
of rare-earth materials [Ref. 2.1]. Following the experimental demonstration of XMD in
rare-earth compounds using linearly and circularly polarised X-rays [Ref. 2.2], theoretical
and experimental investigations on the effect of XMD at the L;;-edge of 3d transition
metals have been conducted [Ref. 2.3,2.4].

Owing to the spherical symmetry of a free 3d metal atom, the 3d spin—orbit
interaction splits the initial state, LS, into LSJ levels. These (2J+1)-fold degenerate states
have distinct eigenvalues M = —J, —J+1, ..., J, where M is the component of J along the
quantisation axis. The interatomic exchange interaction can be approximated as an average
magnetic field acting on the spin. This exchange field splits the (2J/+1)-fold degenerate
states into M sublevels with energy —gugHM. These magnetic sublevels of different M
values induce additional peaks in the L, 3-edge X-ray absorption spectrum, generating an
XMD effect. Note that in the presence of crystal field interactions, the total angular
momentum, J, is an inappropriate quantum number for describing the eigenstates of 3d
metal atoms. However, in this study, we ignored the crystal field effect for simplicity.

In the X-ray absorption process below 10 keV photon energy, the electric
quadrupole transition is smaller than 107; therefore, the X-ray absorption can be described
in terms of the electric dipole transition [Ref. 2.5]. The electric dipole transition from an
initial state |@JM) to a final state |a'J'M') is expressed as

6ot oy = 4Jrzaohcuzq |[(arm|P D oY 26(E = E o+ o) (Bq.2. 1)

where « is the quantum number of the initial state. The photon polarisation is denoted by
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g, where g = 0 refers to the electric field vector linearly polarised along the quantisation
axis (i.e., the z-axis), and g = %1 represents left- and right-circularly polarised in the xy-
plane. Based on the Wigner—Eckart theorem, Equation 2.1 can be decomposed into radial

and angular parts as follows:

J J' )2
| (Eq.2.2)

c =4z2a hwS E
M, a' ' M 0 Ja' T’
@M.« ala'] & [—M g M

where S .. = |<aJ ||P (h "a‘J'>|2 denotes the line strength of the transition. The
optical dipole selection rule restricts the transition under the condition of AJj = 0,+1 and
AM = —q. The thermally averaged value is measured experimentally; therefore, the

Boltzmann distribution can be applied to Equation 2.2 as follows:

— 2
6(1],(1'.]‘ = 4n aOthaJa‘J'Zq A.qﬂ' (Eq.2.3)

J 1 J )V _y -M
Aq = 71 e Mo with 2= e M/ (Bq.2.4)
H ;[—M g M'] ;

where 68 = kgT / (gugH) is the reduced temperature.

g=0 qg==1
Ad (J+ 12— M2y (J+ D (J+2) + (27+3) MO+ M)
M (27+3) (J+ D (27+ 1) AW+ (J+ D) (U+ 1)
A4 (M) J(J+ 1) F M- (M%)
H JJ+ D20+ D W+ 1) (2U+ 1)
A4 J2— (M) J(I=1D 52— 1 <MY+ {M>)
=1 J(2T— 1) (20+ 1) 2U(2T— 1) (2+ 1)

Table 2. 1 Expressions A%

it from [Ref. 2.6]
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X-ray magnetic linear dichroism (XMLD) intensity can be described using the above
expressions for electric field polarisation with ¢q. The X-ray absorption under a linearly
polarised electric field parallel to the magnetisation axis, E!l, is described by a factor A})],.
In the case of a perpendicular electric field, E*+, the X-ray absorption is represented by
%(A}], +A]‘ﬁ). The linear dichroism can be defined as the difference between the
absorptions under Elland EL, ie., El — E+ = A?], - %(A}], +A]_]1,), which can be

described with J and magnetizations:

J(J+ 1) —3<M?>
202+ (J+ D (20+ D

forJ' = J+ 1

3M2>—J(J+ 1)
2T+ D) (27+ 1)

1) —3{M>
T(T+1) =3{M?) forJ' = J— 1 (Eq. 2.5)

The factor A7

;;, for an arbitrary electric field polarisation ¢ can be expressed in terms of

AY),, Ay, and A as follows:

1
0 2 1 1\ ¢in2
AJJ‘ cosq + Q(AN, + A”,)sm q (Eq. 2.6)

The orthogonality relation of the Wigner 3-j symbols yields

|
0 —1 1 —
AGp + A+ A= — o (Eq. 2.7)

Therefore, AZ, can be written in terms of A})j, as follows:
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1+(3(2J+ DAY — 1)cq
Ad = (Eq.2.8)
7 3(274+ 1)

3 1
= = 20 — —
where Cq S cosTg — (Eq.2.9)

The XMLD intensity can be expressed as a function of (M?) and cos?q using Equation
2.8-9 and the expression of A?], which contains (M?) terms [Ref. 2.7,2.8].

100,7) = a + b(3cos?g — 1) {M2) . (Eq. 2. 10)
The XMLD intensity is proportional to the square of the local magnetisation. The magnetic

order of antiferromagnets can be probed even though they have zero net magnetisation.

2.1.3 Multiplet calculation

In the study presented in this thesis, we restricted the materials to 3d transition metal
compounds, particularly TMPS;3, for which the X-ray absorption process is an excitation
from 2p®d~to 2p°d™*!. For each TMPS; (TM = Mn, Ni, and Fe), we considered a single TMSg
cluster for the X-ray absorption spectra. Calculating multiplets and their excitations on a
single TMSs cluster was sufficient for the X-ray absorption spectra because we considered
the localised orbitals in the insulator and the localised absorption process in the X-ray
regime. Finally, we employed the multiplet ligand field theory, considering 3d correlation
and 3d-ligand orbital hybridisation.

We used Quanty, a quantum many-body code, to reproduce the experimental X-
ray absorption and linear dichroism spectra [Ref. 2.9]. The script language defined

operators in the second quantisation and calculated the eigenstates of Green’s functions for
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these operators [Ref. 2.10].

H = Hee + HSO + HCF + HLF + Hex (Eq 2 11)

Electron—electron interaction (H..)
From the second quantisation and spherical harmonic representations, the Hamiltonian of

the Coulomb repulsion interaction in 3d orbitals can be written as [Ref. 2.11]

TpTpTyply T

£ - > v dldi d, d, (Fq.2.12)

with

—_ k = -l = k = . = k
Ul o 7+ 7 =- 5 3 000,0, Z CONl =2, m; 1y =2, m|CO[1,=2,m; 1, =2, m,]F&, (Eq.2.13)
23 4 <7 Tk=0,2,4

Yk (Eq.2.14)
2k+1 Yo

m m, =i

and CO[Lpm sl m,]= YI11|C“<) |y >wherec(k>=

Above, 7 denotes the combined spin and orbital, o is the spin, and / and m are the angular
momentum indices. F* denotes the radial Slater integrals, which can be calculated using the
Hartree—Fock approximation of a free ion using Cowan’s code [Ref. 2.12]. Slater integral
Fis related to Hubbard energy, and F” and F* are related to Hund’s energy [Ref. 2.13]. The
Slater integral values of a free atom from the Hartree—Fock approximation are reduced in
a crystal owing to the screening effect. Similar to 3d electrons, the Hamiltonian of the
Coulomb repulsion and exchange interactions between the 2p and 3d orbital electrons of

the transition metal can be expressed as

G Tpt F Tt
E 2U71 Ty Ty T4d71p d p + ZU‘rl,12,13,r4d11p12d13p14 (Eq. 2. 15)
71Ty T3T,

with
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1
U‘: L. == —65 . 55 . E C(k)|:ll=2, m,; l3 =2, m3:|C(k)|:l4=2, m,; l2 =2, mz:Ide (Eq.2.16)
ittty 2 %2 %470,
and
UG = 16 ) ZC(*)I—Z 1, =1 cwll =2 1, =1 G* (Eq.2.17
r et A% 5% & | = ms by =1 mg g=2my by =1, m, pd(q. A7)
1F2 %37, 2 %% %%y S

Above, G* represents the radial Slater integrals for exchange interactions, which can also

be calculated using the Hartree—Fock approximation.

Spin—orbit coupling (Hso)

In this study, the spin—orbit coupling of the 2p core hole and d orbitals were included.
Hso = ) £l -s; (F.2.18)
i

The 2p core hole spin—orbit coupling splits an L-edge absorption spectrum into two peaks:
a lower L3 peak associated with transitions from 2p;,» and a higher L, peak related to 2pi.

to d orbital transitions.

Crystal field (Hcr)
The orbital symmetry of a free atom is spherical. However, when an atom is in a crystal,
the spherical symmetry is broken by the electric field of the neighbouring atoms. This

resultant electric field is called the crystal (electric) field, and the detailed form of it
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depends on the local symmetry. The Hamiltonian of the crystal field can be described based

on spherical harmonics as follows:

k

Hor= ). Y AmCl0, )
k=0 k

m=—

2
) Yiem(6,¢) (Eq.2.19)

with (6, ) = (Zk —

The expansion coefficient, Ay, is a crystal field parameter determined by the local
symmetry.

The low symmetry of a crystal field can result in natural and/or magnetic
anisotropy. In the case of TMPS;, each transition metal ion is surrounded by six sulfur ions.
The TMSs octahedra have a slight trigonal distortion, causing the point-group symmetry of
the metal ions to be lowered from O to Dss [Ref. 2.14,2.15]. For FePSs, the trigonal
elongation of FeSs splits the #2, orbitals into a lower doublet e, orbital and a higher singlet
ajq orbital. This further orbital splitting results in a large magnetic anisotropy combined

with the spin—orbit interaction, which is discussed in more detail in Chapter 4.

Ligand field (H.r)

The ligand field theory considers a transition metal solid as the d shell of a single transition
metal atom surrounded by a ligand shell. Therefore, the onsite splitting of the transition
metal orbitals and the ligand shell must be considered. The covalency should be accounted

for by adding a hopping term to the calculation.
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A TMS¢ cluster has 10 3d orbitals from the single transition metal atom and 36 2p
orbitals from the 6 sulfur atoms. Reference 2.7 demonstrated that 6 S-2p shells could be
described as an effective ligand d shell having the same symmetry as the 34 orbitals of the
transition metal. This reduces the number of orbitals required for computation from 46 (10
3d orbitals and 36 2p orbitals) to 20 (10 3d orbitals and 10 effective ligand d orbitals),
significantly decreasing the computing time.

The onsite energies of the 3d and 2p orbitals of the transition metal atom are defined as
e, D did_ + EPZ pip. (Eq.2.20)
it o= 108 100 40) 545001 154 ) 220

and ¢, = [103+ (140, (/o= (104)0, 0]/ (164 ) (B0 2.2

Above, T denotes the 3d and 2p orbitals and A is the charge transfer energy.
The onsite energy of the ligand shell is defined using the same method as that used for the

3d orbitals.

. T L
bLZT: LiL_+ HL_ (Eq.2.23)

with £, = [( 1+”a)(”dUdd/2 + 6Upd) -(6+ nd)A]/(16+nd) (Eq. 2.24)

The Hfgp term is the crystal field Hamiltonian of the ligand shell defined by the same
crystal field symmetry as considered for the 3d orbitals of the transition metal.
The hopping term is treated as the effective potential. V(I') is the hopping strength

between the 3d and ligand orbitals, where I" and t represent the orbital symmetry, such as
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12, and an individual orbital, respectively.

H= Z [V(!)Z (diL +ud)](Eq.2. 25)

€T

Exchange field (H.x)
An exchange field term was introduced to account for the long-range magnetic order in the

material.
- Z“Si) (Eq.2.26)

This field acts only on spins, whereas the magnetic field operates on both spins and orbitals.
For example, the magnetic order of antiferromagnetic NiO is reproduced by an exchange
field of 6 X 27 meV, considering the superexchange interactions between an oxygen

atom and its six nearest neighbouring Ni ions [Ref. 2.7,2.16].
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Figure 2. 3 Ni L,3-edge X-ray absorption spectra of NiO with/without crystal and

exchange fields [Ref. 2.7].

2.2 Magnetic anisotropy
Magnetic anisotropy refers to the energy dependence of magnetisation direction. The easy
axis represents the direction with the lowest energy of magnetisation, which is the preferred
magnetisation direction. The exchange interaction in spins does not break the rotational
symmetry of the spin quantisation axis, i.e., the spin quantisation axis is isotropic. To
explain magnetic anisotropy, the concepts of dipole—dipole interactions and spin—orbit
coupling are applied.

Magnetocrystalline anisotropy energy is the change in the free energy of a crystal

with the rotation of magnetisation. Van Vleck first proposed magnetocrystalline anisotropy
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as a consequence of the spin—orbit interaction that couples an isotropic spin moment to an
anisotropic lattice [Ref. 2.17]. Bruno further developed a perturbation theory with spin—
orbit interaction to explain the magnetocrystalline anisotropy of a 3d transition metal
monolayer [Ref. 2.18,2.19]. The spin—orbit coupling constant of 3d transition metals is
about 50—100 meV, which is small compared to the bandwidth of a few electronvolts.
Therefore, the spin—orbit interaction can be treated as a perturbation term for energy
correction. Theoretically, magnetocrystalline anisotropy is proportional to the anisotropy

of the orbital momentum.

2.3 Antiferromagnetic domain
In the case of ferromagnets, magnetic domain formation is relatively straightforward. A
ferromagnetic domain originates from the minimisation of the free energy in the presence
of a stray field from its magnetisation. Antiferromagnetic domains, however, are not as
intuitive as ferromagnetic domains because there is no macroscopic stray field [Ref. 2.20].
Typically, the domains in antiferromagnets are explained in terms of structural defects such
as crystalline twins or Néel vector rotations in materials with weak magnetic anisotropy.
Domains in epitaxial antiferromagnetic films have been investigated to study the
exchange bias effect in ferromagnet/antiferromagnet heterostructures [Ref. 2.21] and N¢el
spin—orbit torque devices [Ref. 2.22,2.23,2.24]. The substrate-clamping effect is
emphasised in thin films of NiO and a-Fe,Os [Ref. 2.25,2.26]. In these cases, the
incompatibility between the spontaneous magnetoelastic strain in an antiferromagnetic film

and the non-deformation in a nonmagnetic substrate induces a destressing field. The
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multidomain state lowers the free energy from the destressing field, reducing the average
strain to zero, with the opposite sign of the shear stress in different domains. Tetragonal
CuMnAs has been considered a promising material for antiferromagnetic spintronics, as it
demonstrates current-induced antiferromagnetic domain switching and operation of all-
electrical memory bits [Ref. 2.22]. Scanning transmission electron microscopy and
XMLD-photoelectron emission microscopy images have also revealed that the
microscopic antiferromagnetic domain structure in CuMnAs is influenced mainly by
nanoscale twin defects [Ref. 2.27,2.28]. Similarly, the antiferromagnetic epitaxial film of

LaFeOs has a multidomain state coupled with structural twin domains [Ref. 2.29,2.30].
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Chapter 3
Experimental techniques

3.1 X-ray photoemission microscopy (XPEEM) in SIM beamline
The XPEEM experiments were performed at the surface/interface: microscopy (SIM)

beamline at the Swiss Light Source (SLS), Switzerland.

3.1.1 Synchrotron radiation

The SLS accelerator facility comprises three major parts: a linear accelerator (Linac), a
booster synchrotron, and a storage ring. First, electrons are accelerated in a Linac and
booster synchrotron to attain light speed and are fed into a storage ring. The magnets in the
storage ring allow electrons to undergo centripetal acceleration, resulting in the emission
of electromagnetic radiation. The SIM beamline covers a photon energy range of 90 eV-2
keV [Ref. 3.1]. High-flux light and variable polarisation are generated by insertion devices
called undulators. The SIM beamline consists of two Apple II-type undulators, a plane
grating monochromator, and other optics, such as plane mirrors, that provide variable

polarisation and collimated light [Ref. 3.1].

28



Chapter 3 Experimental techniques

- Incident x-ray

Figure 3. 1 PEEM setup in SIM beamline in SLS.

3.1.2. XPEEM equipment and experiment

A commercial PEEM (Elimitec GmbH) is installed on the SIM beamline. A schematic of
the experimental setup is shown in Figs. 3.1 and 3.2. Polarised and monochromatic X-rays
impinged on the sample at a grazing angle of 16°. A small grazing angle increases the
scattering cross-section on the surface, enhancing the surface sensitivity of XPEEM. The
horizontal footprint of the X-rays on the sample was fixed with a full width at half
maximum (FWHM) of ~220 um, and the vertical footprint was determined by the exit slit
size of the beamline, which is usually 50-150 um for the PEEM experiment [Ref. 3.2]. The
typical imaging field of view in the experiment was approximately 20-50 pum, which is
smaller than the sample spot size, guaranteeing uniform illumination of the sample. A high
voltage of 20 kV was applied between the sample and objective lens to accelerate the

emitted photoelectrons towards the magnetic lenses of the microscope [Ref. 3.2].
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Start voltage

m_ High voltage

Energy analyzer

Energy slit

Figure 3.2 Schematic image of XPEEM in the SIM beamline. TL: transfer lens; FL:
field lens; IL: illumination lens; P1, 2, 3: Projective lens 1, 2, 3; RL: Rt. Lens; INL: interm.
lens; ACL: Accelerating lens

A series of eclectromagnetic lenses magnify the lateral distribution of the electrons.
Deflectors and stigmators were adjusted to optimise the electron path and correct image
distortion. All the lenses and stigmators must be aligned repeatedly to obtain focused and
undistorted images. The energy analyser enables the energy selection of electrons by
changing the “start voltage”, which enhances the spatial resolution. The electrons passing
through the electromagnetic optical components were projected onto a multichannel
electron plate (MCP) intensifier and converted to visible light by a phosphor screen. The
converted light was detected using a two-dimensional CCD camera.

The intensity of the emitted electrons is proportional to the absorption coefficient.
Therefore, information about the local X-ray absorption (XA) coefficient can be obtained

by investigating the local electron yield intensity [Ref. 3.3,3.4]. The local electron intensity
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was recorded in the XPEEM images with a spatial resolution. XA spectra of the region of
interest (ROI) can be obtained from a series of XPEEM images at successive photon
energies (Fig. 3.3). In addition, the image processing program /mage J was used for data
processing, including drift correction, extraction of the intensity of ROI, and pixel-wise
calculation of X-ray intensities.

The sample temperature was controlled by balancing the liquid helium's cooling
power and the filament's heating power on the sample holder. Next, a platinum

thermometer was connected to the sample holder to monitor its temperature.

Spectro-microscopy
XA spectrum of 1L-FePS; at 65 K

0.9

bt o
~ o oo
= =y o

Intensity (arb.units.)

0.65

?55 ?1I[} ?1IS TéU 125
Photon energy (eV)

Figure 3.3 Extraction of XA spectrum of the ROI from the successive XPEEM images.
The sequence of XPEEM images with successive photon energy with ROI notated using
the red box (left) and the extracted XA spectrum of ROI with the /mage J program (right).
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3.2 Sample preparation

3.2.1 Lithography of the gold marker

To identify the positions of the exfoliated flakes, Au markers were patterned on the
substrates using photolithography, followed by titanium/gold evaporation. Before
photolithography, the substrates were cleaned in an ultrasonic bath with acetone and IPA
solutions and dried using nitrogen gas. The photoresist (AZ 5214E) was uniformly spread
by spin coating at 4000 rpm for 60 s, followed by soft-baking at 90 °C for 60 s. The sample
was exposed to UV light with a wavelength of 365 nm and an intensity of approximately
25 mW/cm? for 40 s (MDA-400S, MIDAS). The sample was developed in a MIF 300
developer for 50 s and then rinsed with deionised water. We deposited titanium 3 nm/gold
20 nm using an e-beam evaporator. The lift-off process was performed by soaking and

sonicating the samples in acetone.

3.2.2 Exfoliation of a single crystal

We exfoliated a single crystal using a mechanical method with sticky tape (Fig. 3.4). Just
before exfoliation, the patterned substrates were cleaned with acetone and IPA through
sonication to remove organic contamination from the substrate surface. The single crystal
was cleaved several times using Scotch tape. They were then transferred onto the prepared
substrate. The samples for the experiment were selected based on their colour, rough index
of flake thickness, and lateral size using optical microscopy images. The accurate thickness
was determined using atomic force microscopy (AFM). Finally, the sample for the
experiment was determined using AFM data, such as thickness, flatness, and lateral size.

All processes were performed in an argon-filled glove box.
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/ VAW single crystal
. i Scotch tape
; Scotch tape /

/ vdW crystal
| N

= o
e e

Figure 3.4 Exfoliation of van der Waals single crystal. (a) Cleaving bulk van der Waals
crystal with Scotch tape. The crystal gets thinner by folding the Scotch tape in half with a
gentle cotton swab rub on the tape and unfolding it repeatedly. (b) Transfer of thin crystal
onto the substrate. The optical microscopy images of exfoliated (c) FePS; and (d) NiPS;3 on
the ITO/Si substrate. The scale is the same in (¢) and (d).

3.2.3 Optimal substrate for charging issues
The studied material, TMPS; [TM = Fe, Ni], is insulating; therefore, probing it using
photoemitted electrons can cause charging problems on the surface. Dr Suhan Son tried
several types of substrates to solve the charging issues and found that an indium-tin oxide
(ITO) substrate was the best option for X-PEEM experiments on insulators. The results are
summarised in this section.

We prepared an exfoliated NiPS; sample on two substrates: ITO (70 nm)/Si and
Si0; (90 nm)/Si. Two samples were prepared using the method described in Sections 3.3.1
and 3.3.2. After exfoliation, we patterned a 10 nm thick gold window on the target NiPS3
flake on the SiO; substrate to discharge secondary electrons through the gold pattern (Fig.
3.5 (e)). The resolution of the XPEEM image of the ITO sample was better than that of the
Si0, sample; however, the XPEEM images did not show significant differences between

the two samples (Fig. 3.5). The XA spectra from the XPEEM images demonstrated the
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superiority of the ITO-coated Si substrate. The XA spectrum of bulk NiPS; on the ITO
substrate showed clear Ni L, and L; resonance peaks (Fig. 3.6(a)). The bilayer exhibits
broader peaks than the bulk layer; however, two prominent resonance peaks are observed
(Fig. 3.6(b)). Significant distortion of the XA spectrum was observed in the bilayer NiPSs3
on the SiO; substrate (Fig. 3.6(c)). The charging effect resulted in indistinguishable L, and
L; peaks with low signal-to-noise ratios. After optimising the right substrate, we adopted
the ITO/Si substrate for the successive XPEEM experiment with TMPS3. The successful
measurement of monolayer FePS; demonstrates the excellent performance of the ITO/Si

substrate for the XPEEM experiment, which is described in Chapter 4.

Figure 3.5 OM and XPEEM images of exfoliated NiPS; on (a—d) an ITO/Si substrate
and (e-h) a SiO; substrate with the gold window. The photon energies of XPEEM images

were 846, 853, and 854.1 eV for the second, third, and fourth columns, respectively.
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Figure 3.6 XA spectra of Ni L;3-edge from (a) bulk, (b) 2L on the ITO/Si substrate,
and (c) 2L NiPS; on the SiO; substrate with the gold window. XA spectra were extracted

from the successive XPEEM images shown in Fig. 3.5.
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Chapter 4 Large magnetic anisotropy in FePS3

Chapter 4
Large magnetic anisotropy in the few-layer vdW

antiferromagnet FePS;

4.1 Introduction

According to the Mermin-Wagner theorem, the long-range magnetic order cannot exist in
a two-dimensional magnet at a finite temperature without magnetic anisotropy [Ref. 4.1].
Magnetic anisotropy protects the long-range magnetic order against enhanced thermal
spin fluctuations due to the low dimensionality. Therefore, it has become a crucial area of
research to understand the origin and means of controlling magnetic anisotropy in two-
dimensional van der Waals magnets [Ref. 4.2,4.3,4.4,4.5]

One important point relevant to this work is that the contribution of orbitals to
magnetism is often disregarded in 3d transition metal compounds because the magnetic
orbital moment is commonly believed to be suppressed in most 3d transition metals by
the crystal field effect. However, the system with reduced symmetry can host sizeable
magnetic orbital moments [Ref. 4.6]. This big magnetic orbital moment can give rise to
magnetic anisotropy in combination with the spin-orbit coupling effect.

FePSs is a van der Waals antiferromagnet and a representative 2D Ising system.
A previous Raman study on few-layer FePS; showed the presence of long-range magnetic

order in a monolayer successively [Ref. 4.7]. However, they could not quantitatively
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analyze the magnetic anisotropies and their origins in the few-layer regime because of
technical limitations.

Here, we demonstrate the persistence of long-range magnetic order down to the
monolayer and estimate the magnetic anisotropy using XMLD-PEEM. Finally, XMLD-
PEEM provides direct access to the spin and orbital moments, allowing for an

investigation into the microscopic origins of the strong magnetic anisotropy.

4.2 Van der Waals Ising antiferromagnet FePS;

FePSs is an Ising-type antiferromagnet, where spins are aligned along the c*-axis. The Fe
ions are arranged in a honeycomb lattice with ferromagnetic zig-zag spin chains.
Neighboring ferromagnetic zig-zag spin chains are coupled antiferromagnetically to each
other (Figure 4.1 (a)). The out-of-plane magnetic susceptibility is larger than the in-plane
susceptibility, which indicates a significant magnetic anisotropy in bulk FePS;, even in
the paramagnetic phase (Figure 4.1(b)). The strong easy-axis magnetic anisotropy allows
the magnetic moments to persist down to the monolayer, as predicted theoretically by
Onsager’s solution [Ref. 4.8]. The first experimental evidence of this was found in a
Raman experiment on a monolayer of FePS; [Ref. 4.9]: magnetic Raman peaks are only
visible below Tx. The long-range magnetic order doubles the Brillouin zone, creating new

Raman peaks in the antiferromagnetic state.
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Figure 4. 1 Ising-type vdW antiferromagnet FePS; (a) Schematic of the atomic and
magnetic structure of FePSs. Pink balls represent Fe™ ions which sit on the honeycomb
lattice. Spins are ordered parallel to the c*-axis, out-of-plane direction, in a zig-zag chain

(red and blue arrows). (b) Magnetic susceptibility of bulk FePSs.

4.3 Methods

4.3.1 Sample preparation

To study atomically thin FePS3, we mechanically exfoliated a single crystal of FePS; to an
indium tin oxide (ITO) 70 nm / Si substrate using sticky tape. We used a commercial ITO-
coated Si substrate to avoid the charging effect from insulating FePS; during the XPEEM
experiment. Before the exfoliation, we made Au markers on bare ITO/Si substrate to
identify the exfoliated flakes’ position. The process of lithography of markers is described
in Chapter 3. The thickness of FePS; was determined by atomic force microscopy (AFM)

measurement. Exfoliation and AFM measurement of flakes were carried out in an argon
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gas-filled glove box. Finally, we selected the flake with various thicknesses from

monolayer to 20 L, which was appropriate for the thickness dependency study (Figure 4.2

(a, b)).

4.3.2 XPEEM experiment

We performed the XPEEM experiment with two linearly polarised x-rays, E; = (£,0,0), and
E. =(0, E-sin6, E-cosf), and with grazing angle 6 = 16° being the x-ray’s incident angle
(Figure 4.2 (c)). The photon energies were from 702 eV to 725 eV, including the Fe L, ;
resonant energies. The temperature range covered the antiferromagnetic to paramagnetic
states from 60 to 300 K. To minimise sample degradation from the x-ray exposure, we

performed the experiment from low to high temperatures.

(a) OM image ()
o
/

s

(b) AFM image

. Electrons

X-rays

ITO substrate

Figure 4. 2 FePS; sample and X-PEEM experiment Exfoliated few-layer FePS3’s (a)
optical microscopic (OM) image and (b) false-colored atomic force microscopy (AFM)

image. (¢) Schematic image of the PEEM experiment with two linearly polarised x-rays.
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Chapter 4 Large magnetic anisotropy in FePS3

4.4 Results

4.4.1 X-ray absorption spectra

Figure 4.3 shows the X-ray absorption (XA) spectra around the Fe L;-edge of 20 L FePS;
at 65 and 300 K. A linear baseline correction was applied to each spectrum, and each data
point was normalised by dividing it by the L; peak value. Here, X-ray magnetic linear
dichroism (XMLD) is defined as I(E , )- /(E;), where 7 is the normalised XA intensity. From
the XMLD effect with two orthogonal polarisations (E, and Ej), we can measure the local
antiferromagnetic order.

At 300 K, well above Tx (the Néel temperature), the XA shows a small but non-
zero linear dichroism. This signal reflects a non-magnetic contribution due to the low
symmetry of the trigonally distorted FeSs. Below Ty, the long-range magnetic order
enhances the linear dichroic signal from the XMLD effect. As we traced the temperature
dependence, we observed a significant increase in the amplitude at peaks A, B, and C in
both the XA and XMLD spectra with decreasing temperature. The Xm, the XMLD
amplitude of the three peaks A, B, and C, was investigated as a long-range magnetic order
parameter. The following multiplet calculation with an exchange field confirmed their

relevance to magnetic ordering and magnetic anisotropy.
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Figure 4. 3 Temperature-dependent XA spectra XA spectra in 20 L FePS; at (a) 65 K
and (b) 300 K. The experimental (upper) and calculated (lower) XAS are shown. XMLD

spectra (bottom) are obtained by the difference between absorption intensity for

perpendicular (E ) and parallel (E|) x-ray polarisation.
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The physical origins of linear dichroism were investigated using a multiplet calculation
that successfully reproduced the experimental spectra. XAS and XMLD spectra were
calculated using the Quanty code [Ref. 4.10]. We employed a ligand field multiplet model
considering the pd-hybridization of Fe d-orbitals and S p-orbitals in the FeS¢ cluster. For
the trigonally distorted FeSs octahedron, we performed the calculation under the D3,
symmetry. First, we determined the parameters by fitting the XA spectrum at 300 K,

excluding the exchange field.
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Figure 4. 4 Exchange field effect on the multiplet simulation. Anisotropic (a) spin and
(b) orbital moment as a function of the applied exchange field Hex. (¢) The XMLD

amplitude, Xu, with various exchange field values.

To reproduce the long-range magnetic order, we introduced an exchange field, H,, =
2.:J(S;) thatacts only on the spin moment. By applying the exchange field, we could align
the spins along the z-axis (the c*-axis in the FePS; crystal) (Figure 4.4). Although we

applied the exchange field only to the spin, spin-orbit coupling increased the z-component
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of the orbital moment. This increased out-of-plane component of the spin and orbital
moments led to a boosted magnetic anisotropy, increasing the XMLD amplitude Xy (Figure
4.4 (c)). With the long-range magnetic order resulting from the exchange field, we could
reproduce the experimental XMLD spectrum at 65 K, where the linear dichroism from the
trigonal distortion alone could not explain the amplitude in the antiferromagnetic state

(Figure 4.5).

XMLD (a.u.)

0.3 —20 ML
trigonal distortion + magnetic order
==~ trigonal distortion only

04 1 . 1 . 1 . 1 L 1 A 1
704 706 708 710 712 714

Energy (eV)

Figure 4. 5 Reproduction of XMLD spectra at 65 K with the long-range magnetic

order in the multiplet calculation. The solid red line is the experimental 20 L’s XMLD
spectra. Two simulated XMLD spectra are plotted: the solid purple line results from the
combination of trigonal distortion and magnetic ordering via an applied exchange field,

and the dotted navy line is that of trigonal distortion alone.
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Hamiltonian Parameters
Atomic terms U =2.0eV
Hq Upa=2.5¢eV
Crystal field 10Dg=0.4eV
Hc DtZg = '0.01 CV
A=1.0eV
Ligand-metal charge transfer Vaig=2.3eV
Hlmc[ chr[ = 2.2 eV
chc = 3.0 eV
Ligand crystal field 10Dq" "= 1.5 eV
Hp Dpgl¢ = -0.1 eV

Table 4. 1. Summary of parameters used for the multiplet simulation

The Hamiltonian used in Quanty is Hiot = Ha + He + Himet + HL+ Hex:

-Atomic terms Hg refer to the Fe electrons’ Coulomb interactions and spin-orbit coupling.
The on-site Coulomb repulsion in different d-d orbitals Ugg
Coulomb interaction between the 2p-core hole and 3d-electron Upg
Slater integrals are reduced to 80% of the Hartree-Fock value with a spin-orbit

coupling constant of & = 0.05 eV.

- Crystal electric field H, reflects the splitting of Fe 3d orbitals by the crystal field
Cubic crystal field 10Dq split Fe 3d orbitals into £,z and e, states.

Dy is a trigonal distortion parameter that splits the 7, orbitals into the e, and a, states.
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Duyg is defined as E(eg") - E(aig). The negative Dy, reflects the trigonal elongation,
setting the doublet e," as a ground state.
By 10Dq and Dy, the energies of the Fe 3d orbitals are described as follows:
Eeg = 0.6 x10Dq (Eq.4.1)
Eqig = —0.4 X10Dq — 2/3 X Dypg4 (Eq.4.2)

Eer = —04 x10Dq + 2/3 X Dypq (Eq.4.3)

- Ligand-metal charge transfer Himc: is the Hamiltonian that considers the charge transfer
effect from the S ligand to the Fe 3d-metal.
Charge transfer energy A is the energy difference between d® and d’L, where L

denotes the S p-orbital hole states; A=F (d7g) - E(d®).

The hopping between the S and Fe ions can be depicted as an effective potential

coupling of two different orbitals. This effective potential coupling describes the Fe

3d-orbital energy states of D3g symmetry: i.e. Veg, Vairg.and Veg.

- Hy is the sulfur ligand crystal electric field Hamiltonian.

Cubic crystal field parameter 10Dq"¢ and trigonal distortion parameter Dy,
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4.4.2 Magnetic anisotropy

We employed the Monte-Carlo (MC) simulations and the Bruno model with multiplet
calculations to quantify the magnetic anisotropy in FePSs;. Our analysis revealed a
significant magnetic anisotropy due to the interplay between spin-orbit coupling and the
crystal field. First, we investigated the magnetic anisotropy through an MC simulation,
employing a classical 2D honeycomb lattice Heisenberg exchange model with strong local
out-of-plane anisotropy based on the quantum spin Hamiltonian of [Ref. 4.11,4.12]. The
Heisenberg exchange coupling includes up to the fourth nearest neighbor. We considered
only intralayer exchange interactions, following [Ref. 4.12], because including an

interlayer exchange interaction as in [Ref. 4.11] resulted in a minor change.
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Figure 4. 6 Magnetic anisotropies from the MC simulation (a) MC simulated quantity
(M2) — (M2) with fixed exchange parameter J and different magnetic anisotropy Ky = K *
N, K =26.6 meV. (b) Experimental XMLD amplitude Xy (blue diamond) together with
(M2) — (M2) from the MC calculation (white circle) for 20 L FePS; as a function of

temperature.
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Thus, our classical vdW material is modelled as a stack of noninteracting MLs, each

described by the equation,
1 o N2
H= _Ezj"fm" -y — Kz(mz_i) (Eq.4.4)
ij i

The adopted exchange parameters J; = 14.6, J, = -0.4, J; = -9.6 and J; = -0.073 meV and
an out-of-plane anisotropy K = 22 meV reproduced the Néel temperature of 115 K.
Based on the Hamiltonian, we calculated the (M2) — (M2) and compared it to the
experimental Xy value as a function of temperature (Figure 4. 6 (b)). The temperature-
dependent Xy coincides with (M2) — (M%) from MC simulation with the single-ion
anisotropy K, which estimated the magnetic anisotropy in 20 L FePS3 as 22 meV / Fe.
Using the perturbation treatment, Bruno verified that magnetic anisotropy is
related to the spin-orbit interaction [Ref. 4.13]. This relation can be quantified as %fﬁ .
(AL), where AL is the orbital momentum difference between the easy axis and hard axes
[Ref. 4.14,4.15]. From the equation, we obtained the magnetic anisotropy where for the
present case, the orbital moment anisotropy AL = (L.~ Lx) and spin moment S were obtained
from the multiplet calculations by fitting the respective XA spectra at 65 K. Here, ¢ is an
atomic spin-orbit coupling constant with a value of 50 meV for Fe™2. The multiplet
calculation gives the expectation value of the spin and orbital moments: spin moment <S>
= 1.75 and orbital moment <L,> = 1.02 per Fe ion. These values are comparable to those
of Fe™ ions in a d° high spin state with unquenched S = 2 and L = 1. This unquenched
magnetic orbital moment originated from the reduced symmetry by the trigonal distortion

of the FeSe octahedron [Ref. 4.16]. Using Bruno’s model, we obtained a magnetic
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anisotropy value of about 22 meV / Fe, which is the same as the MC calculation.
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Figure 4. 7 Trigonal elongation and corresponding orbital splitting in FePS;,

We note that the XMCD and XMLD techniques were previously employed to investigate
the Ising metallic ferromagnetic system Fei4TaS; [Ref. 4.15] which, like FePSs, has high
magnetic anisotropy, 14 meV/Fe, due to the interaction of unquenched orbital moments
caused by poor symmetry and spin-orbit coupling

It is also interesting to compare other vdW Ising-type magnets Crl; with FePSs.
Crlz monolayer is an Ising ferromagnet with Curie temperature (T¢) of 45 K [Ref. 4.17].
As in the FePSs, the monolayer Crl; exhibits a long-range magnetic order [Ref. 4.17,4.18],
and it has a small magnetic anisotropy of only 0.65 meV [Ref. 4.19]. This value can be
attributed to two factors: (i) anisotropic super-exchange across Cr-I-Cr with the spin-orbit
interaction of the ligand I atoms and (ii) single ion anisotropy from the Cr atom. The single
ion anisotropy of the Cr atom is much smaller than the anisotropic super-exchange

contribution. The Cr™ ions in a & high spin state with high crystal symmetry exhibit a
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quenched orbital moment, resulting in the small single-ion anisotropy value.

4.4.3 XMLD asymmetric images

5 um
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Figure 4. 8 XMLD asymmetric map (a) False colored AFM image (b) Normalised X-
PEEM images. XMLD asymmetric images in the (c) first and (d) second thermal cycle.
The larger averaging number of XPEEM images in the second thermal cycle produced

higher resolution and lower noise levels compared to the first cycle.

The local magnetic order of the FePS; flake is visualised using an XMLD contrast map.
The XMLD contrast map was obtained through pixel-wise evaluation of the normalised
XMLD asymmetry A = [IEC'B) - I"(C’B)] / [IJ(_C'B) + I"(C'B)] , where [ (©B) " denotes the
intensity ratio of peaks C and B, /(C) / I(B). This evaluation method was used for lower

noise in XMLD images. From the XMLD contrast map, the monolayer’s XMLD signal at
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low temperatures could be observed. The high sensitivity of the XMLD contrast map to the

XMLD signal enabled the observation of long-range magnetic order in the monolayer.
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Figure 4. 9 Normalised XMLD contrast value A from the XMLD asymmetric map

Filled circles are values obtained from the first scan, while the vacant circles are from the

second scan’s contrast amplitude.
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4.4.4 Thickness dependency

As the number of layers decreased, a reduction in the XMLD amplitude of the asymmetric

XMLD map was observed. This decrease in XMLD amplitude with thinner FePS; was also

reflected in the XMLD spectra (Figure 4. 10).
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Figure 4. 10 Thickness-dependent XA and XMLD spectra XA and XMLD spectra in (a)

20 L and (b) 2 L at 60 K. (c¢) Thickness-dependent XMLD spectra from 20 Lto 1 L.

We calculated the magnetic anisotropy as a function of thickness using the method

mentioned above for the case of 20 L. First, we extracted the magnetic anisotropy for

thicknesses down to 3 L by fitting the experimental Xy data to the simulated (M2) — (M2)
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from the MC simulation of different magnetic anisotropy Kx (Figure 4. 11). The results
showed that for thicknesses down to 4 L, the anisotropy value remained constant with that
of the 20 L sample, but for 3 L, the anisotropy value was estimated to be half that of the 20
L sample. However, it was challenging to fit the experimental data Xy with the simulated
(M2) — (M2) as a function of temperature for thicknesses from 2 L to 1 L as the
experimental values decreased rapidly to zero with temperature (Figure 4. 9). We could
deduce that the thinner samples were more sensitive to the x-ray exposure, leading to rapid

degradation of the experimental data in thinner layers.
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Figure 4. 11 Temperature-dependent (M%) - (M,Zr) and Xw in few-layer FePS; Fitting
experimental data Xy with the simulated (M 5) —(M ,zc) from the MC simulation of different
magnetic anisotropy Knin (a) 5L, (b)4 L, and (¢) 3 L.

The Bruno model calculation also allows us to estimate the magnetic anisotropy even in
the monolayer of FePSs. Using this method with multiplet calculation, we extracted the
required spin and orbital moment from the XA at 60 K and obtained the magnetic

anisotropy value for the monolayer. We comment that the Bruno model yielded the same
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result as the MC calculation down to 4 L, but the value for 3 L was 20.6 meV/Fe, showing
a slight decline in magnetic anisotropy. This decrease was compared with the drop in the
MC calculation’s result, suggesting that the inconsistency could be due to the degradation
of the three layers of the sample during the temperature experiment. While the magnetic
anisotropy value obtained from the MC method reflected this degradation, the value

obtained from Bruno’s model method did not.
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Figure 4. 12 Magnetic anisotropy as a function of thickness extracted from MC

simulation (red circles) and Bruno’s model (grey diamonds).

The magnetic anisotropy value of the monolayer was 11.6 meV/Fe, which is half that of 20
L. This decrease was caused by charge transfer from the ITO substrate. The work function
mismatch between the p-type semiconductor FePS; [Ref. 4.20,4.21] and metallic ITO

substrate [Ref. 4.22] led to electron transfer from ITO to FePS;. This interfacial charge
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transfer effect resulted in a different spectrum for the monolayer compared to that of 20 L

(Figure 4. 13). The monolayer had a higher intensity in the shoulder around 710 eV after

the L; resonance peak and reduced intensities in peaks A, B and C (Figure 4. 13 (a)).
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Figure 4. 13 Substrate effect on the 1 L. (a) 1L XA spectrum deviated from the 20 L XA
spectrum. The 1L XA and XMLD spectra at 60 K of (b) experiment and (c¢) multiplet
simulation with different parameters.

Hamiltonian Parameters
A=-6.0eV
Ligand-metal charge transfer Vag=1.5eV
Himet Ver=1.5¢eV
Vegs =2.0eV
Ligand crystal field 10Dq"e=0eV
Hy D¢ =0eV

Table 4. 2. Modified parameters for monolayer’s multilpet simulation.
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We calculated the monolayer’s XA spectra with different parameters in the multiplet
simulation to reproduce the XA spectra and verify the charge transfer effect. We reduced
the value of the charge transfer energy A and the effective coupling potentials Vaig,
Veer, Vego to reflect the electron transfer from the substrate (Table 4. 2) while keeping the
other parameters the same as those of the 20 L. The simulation with modified parameters
reproduced the changes in the XA spectra for the monolayer (Figure 4. 13 ©). The 3d
electron occupation number from the simulation was <N3¢>= 6.77 for the monolayer, while
the bulk value was found to be <N34> = 6.38. This yielded the decreased <S> = 1.29 and
<L,> = 0.42, resulting in the reduced magnetic anisotropy determined by Bruno’s model.
We probed the presence of the long-range magnetic order with reduced magnetic
anisotropy in the monolayer from the XMLD asymmetric image and multiplet simulation
with modified parameters. To confirm this, we measured the monolayer's Raman spectrum
on the ITO substrate using a laser with a wavelength of 488 nm and a power of ~50 uW in
an optical cryostat. The scattered light from the sample was dispersed using a Jobin-Yvon
Horiba iHR550 spectrometer (2400 grooves/mm) and detected with a liquid nitrogen-
cooled CCD. We observed the P, and P, peaks down to the monolayer, which were only
observable in the antiferromagnetic state (Figure 4.14), consistent with our conclusion in

the XPEEM experiment.
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Figure 4. 14 Raman shift in few-layer FePS; (a) 1 L FePS3’s Raman spectrum on Si
substrate [Ref. 4.7] (b) Raman spectrum on ITO/Si substrate. The peaks marked with an

We investigated the spontancous antiferromagnetic order in the van der Waals Ising
antiferromagnet FePS; at the atomic limit, using the sensitivity and high spatial resolution
of X-PEEM combined with XMLD (XMLD-PEEM) to probe the magnetism. The resulting
magnetic anisotropy value from the single-ion anisotropy was estimated to be 22 meV per
Fe ion. The large magnetic anisotropy stemmed from the low symmetry of the FeS¢ cluster

and the spin-orbit coupling effect. This magnetic anisotropy was preserved or slightly
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Chapter 4 Large magnetic anisotropy in FePS3

reduced to the tri-layer, and the monolayer had only half of the bulk value. The charge
transfer from the metallic substrate to FePS3 changed the electronic configuration in FePSs,
which we think reduced the orbital moments and the magnetic anisotropy. Although the
magnetic anisotropy decreased, the long-range antiferromagnetic order still existed in the
monolayer, which was confirmed by observing the monolayer's XMLD signal in the

XMLD asymmetric image.
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Chapter 5 Magnetic domains in NiPS;

Chapter 5
Magnetic domains and their thermal fluctuations in vdW
antiferromagnet NiPS;

5.1 Introduction

The mechanism of antiferromagnetic (AF) domains is ambiguous compared with that of
ferromagnets. The primary origin of the AF domain is the competition between a single
magnetic anisotropy and exchange interaction. It is also important to note the role of
magnetostriction, where AF domains are formed to minimise the strain caused by
magnetostriction. In epitaxial films, one of the origins of multidomain formation is the
strain from the substrate induced by the magnetoelastic effect [Ref. 5.1]. Van der Waals
(vdW) materials have relatively weaker interactions with the substrate than epitaxial thin
films. Therefore, we expect a different mechanism for domain formation in vdW
antiferromagnets. In this study, we investigate the magnetic domains in vdW
antiferromagnet NiPS; using PEEM with linearly polarised X-rays. We observed clear
thermal fluctuations in the domains and discovered that the primary mechanism in the

multidomain structure was weak magnetic anisotropy in NiPSs.

5.1.1 Magnetic domains in TMPX;

Few studies have been conducted on the magnetic domains in vdW antiferromagnets,
particularly in the TMPX3 family (TM = Mn, Fe, and Ni; X = Se and S). The domains in
Néel-type antiferromagnets MnPSe; and MnPS; were observed using the second harmonic

generation (SHG) technique [Ref. 5.2,5.3]. The broken inversion symmetry in the Néel-
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type antiferromagnets allowed the two antiphase magnetic domains to be investigated
based on the SHG (Figure 5. 1(a)). In principle, SHGs are not allowed in the
centrosymmetric zigzag-ordered antiferromagnet FePS;, whereas the broken inversion
symmetry on the surface enables SHG analysis in a few-layer FePS; [Ref. 5.4]. In the
polarisation-dependent SHG and linear dichroism (LD) measurements with spatial
resolution, three magnetic domains with zigzag directions 120° to each other were observed
in a three-layer FePS; flake (Figure 5. 1(b)). Another study investigated the magnetic
domains in FePS; with polarisation-dependent optical LD [Ref. 5.5]. The angle-dependent
LD showed a 60°-rotated zigzag chain direction in the FePS; flake. For NiPS3, its magnetic
domains were analysed using an anisotropic exciton coupled with a Néel vector [Ref. 5.6].
In polarisation-resolved PL measurements, exfoliated NiPS; flakes with different
thicknesses exhibited distinct maximal photoluminescence (PL) intensity directions. The
polarisation-resolved PL showed three magnetic domains with a rotating angle of 120° from

each other.
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Figure 5. 1 Observation of antiferromagnetic domains in TMPS; via optical
techniques. (a) Two antiphase domains in MnPS; [Ref. 5.3]. (b) Three different spin chain
domains in FePS; [Ref. 5.4]
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Chapter 5 Magnetic domains in NiPS;

5.1.2 vdW antiferromagnet NiPS;

The Ni atoms are arranged in a honeycomb lattice, and one Ni atom is surrounded by six S
atoms, thus forming a NiSe octahedron. The NiS¢ octahedron is trigonally compressed,
whereas the FeSe in FePSsis trigonally elongated [Ref. 5.7]. Monolayer NiPS; exhibits a
three-fold rotational symmetry; however, the symmetry in the multilayer is broken owing
to monoclinic stacking, which induces easy-axis anisotropy along the a-axis. Thus, the
spins are aligned along the a-axis and tilt slightly along the c-axis in the antiferromagnetic
state [Ref. 5.8]. Each ferromagnetic chain exhibits net magnetisations M; and M>, and the
Néel vector L can be defined as L = M; — M. Both M; and M, are parallel to the a-axis;
therefore, the Néel vector L is parallel to the a-axis. The phase transition from paramagnetic
to antiferromagnetic occurred at approximately 155 K, the highest temperature reported for

TMPS; (TM = Mn, Ni, and Fe).
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Figure 5. 2 (a) Magnetic structure and (b) magnetic susceptibility of NiPS;. The
magnetic susceptibility of bulk NiPS; was measured using a commercial magnetometer
(MPMS-XL5, Quantum Design). The measurement was performed via field cooling under
a 300 Oe magnetic field.
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NiPSs hosts a magnetic exciton that couples to its antiferromagnetic state [Ref.
5.9,5.10,5.11]. Using multiple spectroscopic probes, the observed excitons were assigned
to the transition from the Zhang—Rice triplet to a singlet [Ref. 5.9]. The ultra-narrow and
sharp PL peaks implied coherent excitation. The magnetic exciton was anisotropic with
respect to the Néel vector and indicated polarisation dependency on the PL and optical
dichroism at the exciton resonance energy. The strong correlation between the exciton and
the Néel vector highlights the necessity to understand the dynamics of the Néel vector in

NiPSs; magneto-optical devices.

5.2 Methods

The sample preparation and experimental methods were similar to those for the FePSs;
PEEM experiments. We used a conducting indium tin oxide (ITO coated Si substrate to
reduce the charging problem form the insulating NiPS;. The gold markers with numbers
were patterned with conventional photolithography. Then single crystal NiPS; was
exfoliated on the substrate by mechanical method.

We used two linearly polarised x-rays, E| = (£,0,0),and E | = (0, E-sin6, E-cos?),
and with grazing angle § = 16° being the x-ray’s incident angle. The absorption intensities
were measured in electron-yield mode and the incident photon energy was adjusted to
accommodate the Ni L; edge (845-870 eV). The temperature range was from 60 to 285 K,

including the Néel temperature, 155 K.

5.3 Results
5.3.1 Observation of magnetic domain
We observed the magnetic domains in the asymmetric XMLD images (Figure 5. 3 (b)). The

asymmetric XMLD image was calculated pixel-wise using the expression (Iy-1.)/(Iy+1.)
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with an incident photon energy of 850.2 eV, the resonant energy of the XMLD peak. The
observed region was flat, as confirmed via atomic force microscopy (AFM) measurements.
Except for the dotted grey line in the OM image and the normalised XPEEM image, the
region of interest was 48 nm thick (Figures 5.3 (a) and (c)). We measured the X-PEEM
images using two circularly polarised X-rays (C+ and C-) to investigate the domain walls.
The uncompressed magnetisation in the domain wall [Ref. 5.12] can provide an XMCD
signal. The asymmetric XMCD image was calculated using the expression (C* - C)/(C" +
C), and we could not identify the XMCD signal from the domain wall. This implies that

the domain-wall size should be smaller than the spatial resolution of XPEEM, i.e. 45 nm.
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Figure 5. 3 Magnetic domains in NiPS; (a) X-PEEM elemental contrast map of exfoliated
NiPS; flake. The area presented in copper shows NiPS; flake, and the black region in the

right-upper region shows the substrate. Inset shows an OM image of the sample. (b)
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Corresponding XMLD asymmetric map calculated pixel-wise using the expression (I - |
/(I + 1.). (c) AFM profile along the white line in the OM image in (a). (d) XMCD
asymmetric map. Images in (a), (b), and (d) were obtained with a photon energy of 850.2
eV at 70 K (a, b) and 68 K (d).

5.3.2 Temperature dependence of magnetic domain

(C)285K | mmm

Figure 5. 4 Temperature dependence on the magnetic domains. NiPS; sample was
cooled below Tw (a, b) and then heated to a high temperature above Tn. Subsequently, it

was cooled again at a different cooling rate compared with that of the first thermal cycle

().

We investigated the temperature dependence to confirm the magnetic origin of the domains.
The effect of the magnetic order on the XMLD effect indicated a significant temperature

dependence, whereas the XNLD signal from the anisotropic orbital indicated minimal
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Chapter 5 Magnetic domains in NiPS;

dependence on temperature [Ref. 5.13]. The XMLD contrast was clearly observed at 70 K,
decreased with increasing temperature, and almost vanished above the Néel temperature
(Figures 5.4 (a—)). The remaining slight contrast at 285 K might have originated from the
short-range magnetic order [Ref. 5.3]. The spin—spin correlation is typically disregarded in
XMLD intensities because of its minimal contribution compared with the long-range
antiferromagnetic order; however, it can provide a non-zero contribution. The magnetic
susceptibility of bulk NiPS; showed an overall decrease even in the paramagnetic state,
thus indicating the presence of a short-range magnetic order (Figure 5. 2 (b)). Further
evidence for the magnetic domain is the different domain morphologies at different cooling
rates. When the temperature decreased to 70 K, the magnetic domain contrast was
reproduced with a smaller domain size (Figure 5. 4 (d)). The domains shown in Figure 5.
4 (a) had a cooling rate of 1.25 K/min, whereas that shown in Figure 5. 4 (d) cooled more
rapidly at a cooling rate of 4.9 K/min. The low cooling rate and sufficient relaxation time
for the domain growth resulted in the formation of large domains.

The experimental geometry, including the X-ray propagation direction with the
in-plane electric field polarisation and crystalline axes, is shown in Figure 5. 4 (c). The
crystalline a- and b-axes were determined via polarisation-dependent Raman spectroscopy
(Figure 5. 5). Previous polarised Raman experiments demonstrated that two Raman peaks
around 180 cm™! were related to the Néel vector orientation [Ref. 5.14]. The Raman signal
at 178 cm! indicated the maximum intensity when the incident and output photon
polarisation was parallel to the Néel vector. The resonant Raman shift energy changed from
178 to 180 cm™ in the cross-configuration, where the polarisation of the output photons was
perpendicular to that of the input photons. The intensities at 178 and 180 ¢cm™ showed a
four-fold rotational symmetry, thus suggesting two candidates for the Néel vector

orientation. We assumed that the Néel vector was parallel to the a-axis in the ground state
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at a sufficiently low temperature to determine the a-axis. We also measured the polarised
Raman spectra of the thermal cycles to test this assumption. First, we took the Raman
spectra at 3 K, heated the sample to RT, and then collected the signals at 80 and 3 K upon
cooling. The results obtained at different temperatures were consistent. The hexagonal
structure of NiPS3 shown in the OM images suggests three candidates for the a-axis [Ref.
5.15]. We determined the crystalline a-axis, consistent with the polarised Raman spectra

and the morphology shown in the OM images.

Region 1 Region 2
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90
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70

—»— 178 cm? —A—178.4 cm2
—=— 180 cm? -4 180.9 cm™?

Figure 5. 5 Polarisation-dependent Raman experiment for determining in-plane
crystalline axis. The red and blue circles on the OM image indicate the region of interest,
notated as regions 1 and 2, respectively. Polarised Raman data are the results obtained at 3
K.

5.3.3 Determination of Néel vector axis

We extracted the X-ray absorption (XA) spectra from successive X-PEEM images as a
function of photon energy. Figure 5. 6 shows the experimental XA spectra recorded at 70
and 285 K below and above Ty, respectively. The LD is defined as the intensity difference
between two polarisations, i.e. I} - 1,. The LD below Tx was enhanced by the

antiferromagnetic order from the XMLD effect. The remaining weak dichroic signal in the
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paramagnetic state originated from a nonmagnetic contribution owing to the low symmetry
of the trigonally distorted NiS¢ octahedron in NiPS3 at all temperatures. The small short-
range magnetic order also contributed to the non-zero dichroic signal. We verified the
origin of the temperature-dependent LD using ligand field multiplet calculations. The
trigonal symmetry Dj3qat all temperatures and long-range magnetic orders below Tx were
included in the calculations. The short-range magnetic order effect was reflected in other
free parameters. As shown at the bottom of Figure 5. 6, the calculated spectra reproduced

the experimental spectra well.
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Figure 5. 6 XA and X(M)LD spectra at Ni L; edge. Experimental XA spectra were
captured at (a) 70 K (T < Tn) and (b) 285 K (T > Tx). Experimental (solid grey line) and
calculated (dotted blue line) X(M)LD spectra are plotted at the bottom.
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Hamiltonian

Parameters

Atomic terms

Hqg

Crystal field

H.

Ligand-metal charge transfer

Hlmct

Ligand crystal field

Ho

60 % Fuag, 70 % Fpq. and 80 % Gpa of

atomic Hartree—Fock values

Uw=50eV

Up=5.5¢eV

&34 =0.0826
E2p = 11.5084
10Dg=0.6 eV
Do =0.03 eV

A=0.95 eV [Ref. 5.9]

A =-025eV
Vaig=2.0eV
Vegr=0.3eV
Vego = 1.5 eV
10Dq""e= 1.0 eV
Do =0.01 eV

Table 5. 1. Summary of parameters for multiplet simulation. Each parameter is

described in Chapter 4. 4. 1.
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Figure 5. 7 Determination of Néel vector axes in domains at 70 K. (a) XMLD
asymmetric image with calculated Néel vector axes of each domain (double arrows). The
scale bar is 3 um. (b) Experimental XMLD spectra from domains A, B, and C. (¢)
Calculated XMLD spectra with different Néel vector axes. Legend indicates angles

between Néel vector axes and crystalline g-axis.

The Néel vectors in each domain were determined via multiplet calculations of the XMLD
spectra at 70 K. The other parameters were fixed, and the direction of the exchange field
was rotated azimuthally to rotate the Néel vector axis. We selected three ROIs: domains A,
B, and C (Figure 5. 7 (a)). The Néel vector in domain A was parallel to the a-axis.
Meanwhile, the Néel vectors in domains B and C were rotated 10° (i.e. 170°) and 20° from
the a-axis, respectively (Figures 5. 7 (b—c)). The Néel vector orientations were irrelevant
to the threefold rotational symmetry of monolayer NiPSs. The previously observed domains
in FePS; and NiPS; exhibited three-fold rotational symmetry, which indicates that the
three-fold rotation symmetry remained in the NiPS; and FePS; multilayers owing to weak
interlayer vdW coupling [Ref. 5.4,5.6]. However, our domain structure did not exhibit the
three-fold rotational symmetry but a multiplicity of more than three folds. This multiplicity

in the direction of the Néel vectors was similarly observed in a magnetic field experiment
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of NiPS3 excitons [Ref. 5.10]. An external magnetic field was applied in the direction 120°
from the a-axis. As the magnetic field increased, the Néel vector rotated continuously

instead of at angles of three-fold symmetry, i.e. 60° and 120°.

5.3.4 Thermal fluctuation of magnetic domain

0.01

0.005

-0.005
-0.01
-0.015
-0.02

-0.025

Figure 5. 8 XMLD asymmetric images showing domains with thermal fluctuation.

The dashed white line provides visual guidance.

Thermal fluctuations were observed in the domains during cooling. As the temperature
decreased, domains B and C merged into domain A, where the spins aligned along the a-
axis (Figure 5. 8). This phenomenon indicated that the spins in NiPS; were not strongly

pinned at 65 K. The thermally fluctuating domains excluded the structural origins of the
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domains. The domains from the crystalline twin structure and the magnetoelastic effect
from the substrate showed temperature-independent domain morphologies because the
magnetostriction-induced strain hindered domain growth and fluctuations [Ref. 5.16,5.17].
The mobility of the local Néel vector demonstrated the high structural and chemical
qualities of the NiPS3 sample.

Weak magnetic anisotropy in NiPSs is the main mechanism contributing to the
formation and thermal fluctuations of the magnetic domains. Spin wave analyses with
neutron inelastic scattering experiments were performed, where a value of 0.01 meV was
estimated for the easy-axis anisotropy along the ag-axis [Ref. 5.18,5.19]. Based on the spin
Hamiltonian, we successfully reproduced XMLD intensities in the magnetic domains using
Monte Carlo (MC) simulations. The MC simulation used SU(N)NY, an open-source code
for simulating general spin systems [Ref. 5.20]. The spin configuration of NiPS; was
annealed from 200 to 70 K at temperature intervals of 0.95 K. At each temperature, and the
spin configuration was thermalised using the Metropolis-adjusted Langevin algorithm over
2000-time steps. In the Metropolis-adjusted Langevin algorithm, we flipped the entire spin
configuration at each time step using the Landau—Lifshitz—Gilbert equation of motion [Ref.
5.21]. We converted the spin configuration to the XMLD contrast map using the equation
of XMLD intensity, 1(8) = a + b(3cos?8 — 1){M?), where 6 is the angle between the
incident x-ray E-polarisation and the spin axis [Ref. 5.13]. Figure 5.9 shows the reproduced
XMLD map, which shows different local Néel vector orientations originating from the

thermal excitation with low magnetic anisotropy.
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Figure 5. 9 Reproduced XMLD map for magnetic domains in NiPS; via MC
simulations. The number shown on the x- and y- axes represent the number of spins along
the axes. A total of 160,000 spins were simulated with four spins per unit cell in the C 2/m

space group. The corresponding spatial dimension is approximately 100 nm x 200 nm.

The quenched orbital moment resulted in weak magnetic anisotropy. Multiplet
simulations of the XA spectra showed that the in-plane orbital moments were L, =
0.3667 ug/Ni and L, = 0.3666 ug/Ni. We evaluated the magnetocrystalline energy
using multiplet calculations and Bruno’s theory [Ref. 5.22,5.23]. Based on the in-plane
magnetic anisotropy, the energy difference between the energies of the spins parallel to the
a- and b-axes, i.e. E.— Ep, was -0.002 meV. This value is similar to that based on the easy-
axis anisotropy, i.e. —0.010 + 0.005meV , obtained from the neutron scattering

experiment [Ref. 5.18].
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Figure 5. 10 Antiferromagnetic domains in another NiPS; flake. (a) AFM image of 87-
nm-thick NiPS; flake. Corresponding asymmetric XMLD images at (b) 85 K

(antiferromagnetic state) and (c) 250 K (paramagnetic state).

Next, we observed the magnetic domains in another NiPS; flake (Figure 5. 10).
The observed domains similarly indicated a temperature-dependent domain contrast, thus
confirming the magnetic origin of the domains. Finally, we investigated four NiPS; flakes

using XPEEM and discovered a multidomain in two flakes.

5.4 Summary

In this study, we observed magnetic domains with different Néel vector orientations using
XMLD-PEEM. The high-resolution X-ray imaging technique enabled the nano-meter scale
domain in NiPS; to be imaged in real space and time, and the XMLD effect enabled direct
access to local Néel vectors. The XMLD contrast of the temperature-dependent domains
indicated their magnetic origins. In particular, changing the domain morphology at different
temperatures demonstrated that the weak magnetic anisotropy of NiPS; induced the
mobility of the Néel vectors. This study highlighted a probing technique for investigating

vdW antiferromagnetic domains and the fundamental physics of magnetic anisotropy
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associated with their formation and dynamics. Finally, studying local Néel vectors and their
domains will provide helpful information for further developing NiPS3 magneto-optical

exciton-based devices.
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Chapter 6. Summary and outlook

6.1. Summary

We investigated the magnetic properties of the van der Waals antiferromagnets FePS; and
NiPS; using the XMLD-PEEM technique. The sensitivity to antiferromagnetic order and
high spatial resolution of XMLD-PEEM enables the magnetic probing of exfoliated
samples. Theoretical analysis of the X-ray absorption and XMLD spectra provides direct
access to the orbital and spin moments, enabling a comprehensive understanding of the
magnetism in FePS; and NiPSs.

The all-encompassing keyword used in this study is magnetic anisotropy. The
large magnetic anisotropy in FePSs protects the long-range antiferromagnetic order in the
monolayer. This large magnetic anisotropy originates from the unquenched orbital moment
owing to the low symmetry of FeSs and the spin—orbit coupling. The small magnetic
anisotropy in NiPSs results in thermally fluctuating antiferromagnetic domains. In contrast
to FePS;, the quenched orbital moment in NiPSs leads to a small magnetic anisotropy,

inducing unpinned local Néel vectors.

6.2. Outlook

The magnetic properties of pristine van der Waals antiferromagnets have been extensively

studied over the past few years, including this work with PEEM. Research on van der Waals
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magnets has also expanded to include heterostructures and moiré structures beyond a single
component. We expect XMLD-PEEM to be an excellent technique for studying artificial
structures.

The feasibility of using X—PEEM to study van der Waals heterostructures has been
demonstrated for FM/AFM heterostructures composed of epitaxial films [Ref. 6.1].
Different chemical atoms have different resonance energies in X-ray absorption, which
enables the selective probe. Owing to the element-selective detection, we can investigate
the magnetic properties of each layer independently.

Twisted bilayer graphene hosts several strongly correlated states [Ref. 6.2]. Since
the superconducting state was demonstrated in twisted graphene with a magic angle [Ref.
6.3, 6.4], numerous experiments have been performed on twisted graphene and transition
metal dichalcogenides (TMDCs) [Ref. 6.5]. Compared to the active research on moiré
structures in graphene and TMDCs, studies on magnetic moiré structures have been
relatively rare. For example, moiré¢ van der Waals magnets exhibit magnetic textures in real
space [Ref. 6.6, 6.7]. Thus, a high spatial resolution and sufficient magnetic sensitivity are
essential for studying moiré magnets. X—PEEM with polarised X-rays satisfies these
criteria. We demonstrated the capability of successively probing the antiferromagnetic
order on the FePS3; monolayer and capturing local Néel vectors in NiPS; domains. We

believe that X-PEEM is one solution to the research gaps in vdW magnet moiré physics.
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