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Abstract
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Artificial van der Waals Heterostructures
By

Yan Zhang

Supervisor: Professor Hideaki Ohgaki

Atomically thin two-dimensional (2D) monolayer transition metal
dichalcogenides (1L-TMDs) have been extensively studied due to their intriguing
optical and electrical properties. Semiconducting 1L-TMDs with a direct band gap
exhibits novel excitonic states such as tightly bound electron-hole pair by Coulomb
interaction (excitons) because of the strong quantum confinement and reduced
dielectric screening effect. Moreover, strong spin-orbit coupling and broken spatial
inversion symmetry in 1L-TMDs give rise to doubly degenerate but inequivalent
valleys (K+ and K- valley) located at corners of Brillouin zone in the momentum space
and an effective coupling of spin and valley. The spin-valley polarized excitons
accompanied with direct interband transitions at K+ and K- valley are optically
generated by o' and o~ circularly polarized light, respectively, which also allows to
control valley degree of freedom by circularly polarized light. The semiconducting 1L-
TMDs with strong-light matter interaction will provide us novel platform to study and

control emerging valley-physical properties.

2D materials including semiconducting 1L.-TMDs can be freely stacked with other
layered materials, which realizes artificial stacking van der Waals (vdW)
heterostructures. The artificial vdW heterostructures provide us the opportunities of
great number of material combinations with different physical properties, such as

semiconducting, insulating, metallic, superconducting, and magnetic materials. The



emerging optical phenomena of interactions between optical excitonic states and
magnetic spins including magnetic elementary excitations are expected in the artificial
semiconducting and magnetic material vdW heterostructures. These heterostructures
push me to study novel light-matter interaction and its modulation by magnetic

interactions.

In this thesis, I have studied the optical properties of excitonic states in monolayer
MoSe: (1L-MoSe»), and its magnetic vdW heterostructures. At first, I described the
dynamics of valley polarized excitons and trions of 1L-MoSe; under strong magnetic
field to understand the fundamental valley-physics as a model system. Then, I have
proposed new semiconducting and ferro-magnetic vdW heterostructures (1L-
MoSe»/(Lao.sNdo2)12Sr1.sMn207)) with magnetic phase transition properties to reveal
charge transfer and magnetic proximity effect. The photoluminescence (PL) properties
of 1L-MoSe: can be strongly influenced and controlled by the electronic and magnetic
properties of Mn oxide underneath, and #-BN spacer between semiconducting and Mn
oxide. Moreover, | have demonstrated that the valley Zeeman splitting and polarization
of 1L-MoSe> are significantly enhanced in the semiconducting and magnetic vdW
heterostructures. I have also investigated the semiconducting and antiferromagnetic
vdW heterostructures (1L-MoSe2/MnPS3). The fine spectral peaks in the low
temperature PL spectra have been observed, which is attributed to intralayer moiré
trion—-magnon complexes. It is revealed that the intralayer moiré trion—-magnon

complexes keep the C3 symmetry and have longer lifetime and coherence time.

These discoveries and findings on novel optical properties in monolayer
semiconductor, and its magnetic vdW heterostructures will provide deeper
understanding of valley physics and a perspective for the optical functionalities by
magnetic control. These fundamental studies are very important to realize spin- and

valley- based applications with low energy cost.
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Chapter 1. Introduction

1.1. Background

Advanced materials play a crucial role in the development of modern electronic
and optical technologies. Moreover, the size and dimension of materials have
significant influences on their chemical and physical properties of materials. Zero-
dimension (0D), one-dimension (1D), and two-dimension (2D) exhibit different
electronic, optical, magnetic, and chemical characteristics. In 0D nanostructures such
as semiconductor quantum dots and fullerenes, their properties are affected by the
quantum confinement effect in three directions. The carbon nanotube is an example of
1D materials with confinement by only one direction. The quantum wells are among

2D materials with confinement in the planel'l.

Graphene as the first ‘modern’ 2D material was mechanically isolated from
graphite in 20042], by which K.S. Novoselov and A.K. Geimwho were awarded the
Nobel Prize in 2010. Since the rapid development of graphene-related research!®),
hundreds of other layered materials have been reported*). Among these materials,
atomic thin films of transition metal dichalcogenides, which can be prepared by
exfoliating from their bulk crystals like graphene become one of the most attractive

research fields in physics, chemistry, and material sciencel>8].

v V
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Figure 1.1. Periodic elemental table of the transition metals and the chalcogen atoms
that predominantly crystallize in those layered structure. Reprinted with the permission

from Ref.Bl. © 2017 Springer Nature.



It has been about one hundred year since the first revealing of the hexagonal
crystal structures of TMDs materialsl®l. About 60 kinds of TMDs had been studied until
the late of 1960s. Over half of them were layered structure, which could be cleaved
down to 10 to 100 nml'%!l, Several special topics have been explored since that time,
such as screening effect, d band formation, metal to insulator transition,

superconductivity as well as magnetism!'%],

In the past few years, TMDs reemerged and attracted considerable attention
because of their very interesting electronic and optical properties. As shown in Figure
1.1, the general formula of TMDs is MX,, where M represents a transition metal
element and X is a chalcogen element. The bulk TMDs range from insulators such as
HfS», semiconductors including MoSe; and WSe», semimetals such as WTe», to metals
such as NbS,['?!, which are also indicated in Figure 1.1.
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Figure 1.2. Top view of 1L-TMD with 2H (a) and 1T (b) coordination. Metals are in
purple, and chalcogenides are in yellow. Reprinted with the permission from Ref.l'?l, ©

2013 Springer Nature.

TMDs have several structures caused by different stacking orders of the three
atomic planes forming the individual layers of these materials. Figure 1.2 shows two
structural phases that are trigonal prismatic (2H) and octahedral (1T) coordination.
Figure 1.2a shows that the 2H phase formed by ABA stacking of X and M elements in

different atomic planes, which breaks the spatial inversion symmetry[*!. In contrast, the



1T phase is formed by ABC stacking (Figure 1.2b). The 2H phase of group-VI TMDs

(M=Mo, W; X=8, Se) is thermodynamically stable!'*'4], which is the focus of thesis.

Group-VI TMDs transit from indirect to direct band gap semiconductors with their
thickness from bulk to monolayer. Compared with gapless graphene, the monolayer
TMDs (1L-TMDs) with a direct band gap show novel excitonic properties, because of
strong quantum confinement effect and reduced dielectric screeningl®!3l. Optically
generated quasiparticles (excitons and trions) in 1L-TMDs are very sensitive to
surroundings, whose properties could be modulated by substrate underneath!'®!7],
Moreover, 1L-TMDs have double-degenerate but inequivalent valleys (K+ and K—) at
corners of Brillouin zone as the strong spin-orbit coupling together with broken
inversion symmetryl!318-201 Valley gives rise to new degree of freedom. The excitons
in 1L-TMDs, are also endowed with a valley degree of freedom because of the
localization of the constituent electrons and holes in the K+ and K- valleys!?®!. The
broken inversion symmetry of 1L-TMD also contributes to a valley optical selection
rule, where right and left circularly polarized light couples to interband transitions in
the K+ wvalley and the K- wvalley, respectively. Circularly polarized light is
experimentally used to inject excitons to preferential valley, leading to a different
population of the two valley excitons (valley polarization of excitons). Two valleys can
be considered as a binary pseudospin that are possibly used to process and store
information. The manipulation of valley pseudospins is desired to realize valleytronic
applications which are more attractive than spin-logic devices. The modern spin-logic
technologies require large current and high magnetic field, giving rise to the slow speed
and high-power consumption. However, valleytronic applications are possible to

eliminate these disadvantages of spin-logic technologies.

Furthermore, vertically stacking different 2D materials such as 1L-TMDs, called
van der Waals (vdW) heterostructures, provides a new platform to study novel and
emerging interface phenomena in in artificially stacked structures?!!. A wide range of
2D materials, ranging from semiconducting 1L-TMDs!?223, insulating hexagonal boron

nitride (2-BN)I?4, magnetic EuS[?32%] to metallic graphenel?®! can be used to fabricate



vdW heterostructures. Noteworthy physical phenomena, such as magnetic proximity

effectl?’?8) and moiré related physics!?®-31,

have been investigated in vdW
heterostructures based on 1L-TMDs. Thus, the unique excitonic physics with valley
contrast in 1L-TMDs and its capability to construct vdW with other layered materials
make them interesting for fundamental studies and for device applications such as

electronics, spintronics, valleytronics, and energy storagel®!, which are expected to

inspire environment friendly applications with low energy cost.

1.2. Motivation

The semiconducting 1L-TMDs have novel and unique optical properties as
described above. These atomically thin materials provide opportunities to engineer the
optical properties arising from excitonic states (excitons) on the nanometer scale in 2D
materials for emerging and complex functionalities!®’. Moreover, 1L-TMDs can be
strongly affected by magnetic materials underneath, which provides a good platform to
study the interactions of excitons and magnetic spins. For instance, the valley
degeneracy of excitonic states of 1L-TMDs can be significantly lifted by introducing
ferromagnetic insulator substrate>>261. 1L-TMD and magnetic vdW heterostructures
will provide the opportunities towards new routes to study the exotic interface
interactions and high-performance applications with novel functionalities of magnetic
control and switching. Therefore, I aim to create new systems consisting of
semiconducting TMDs and magnetic layered materials to realize emerging physical

phenomena for fundamental study in physics, material science, and future applications.

1.3. Chapter outline

In this thesis, I mainly focus on studying the optical properties of semiconducting
monolayer MoSe, (1L-MoSe>) and its magnetic artificial vdW heterostructures by

optical spectroscopic approaches. The thesis is organized by following:

In Chapter 2, brief introduction of basic knowledge of optical properties in 2D

materials, especially the physics of excitons and valley degree of freedom in 1L-TMDs



will be introduced. In Chapter 3, I will describe the experimental methods and

equipment of this thesis.

Chapter 4, 5, 6 will give a detailed clarification of my research results. To be
specific, I will systematically demonstrate the dynamics of excitonic valley polarization
in 1L-MoSe; using polarization- and time-resolved PL spectroscopy under magnetic
field in Chapter 4. As large valley polarization is desired for future valley-tronics
applications, the strategy for robust enhancement of valley polarization has been
demonstrated in 1L-MoSe> realized by introducing a ferromagnetic metal Mn oxide
with insulating spacer due to the magnetic proximity effect, in Chapter 5. In Chapter
6, 1 will describe novel excitonic states interacting with a magnetic elementary

excitation in antiferromagnetic vdW heterostructures.

Finally, the summary and outlook for the future will be described in Chapter 7.



Chapter 2. Optical properties of low

dimensional semiconductors

Low dimensional layered materials like graphene and TMDs provide unique
advantages, compared with bulk materials. The reduction in thickness to atomical scale
will significantly be changed the material physical properties from those in bulk form,
resulting in binding energy of excitons, valley degree of freedom, valley Zeeman effect,
and so on. Moreover, van der Waals heterostructures by stacking different layered

materials offer novel platform to study and engineer emerging quantum states.

2.1. Basic optical properties of 2D materials

2.1.1. Electronic band structure

The optical properties of materials are mainly affected by their electronic band
structures and dielectric screening effect!*>34, The dielectric screening effect will be
discussed in the next section. Here I will briefly introduce the electronic structure of
graphene, because the electronic effective model for large amount of 2D materials can
find their prototype in graphenel*¥l. Graphene is formed by a single atomic layer of
carbon atoms with hexagonal honeycomb lattice structure. The tight binding model is
frequently used for deriving the electronic structure of graphenel*S. Figure 2.1 shows
the electronic dispersion of graphene, calculated by tight binding approach, resulting in
Dirac points at the corner of Brillouin zones!*®l. The expanded electronic structure
around to the Dirac cones are shown in right side of Figure 2.1. The electronic

dispersion can be simply described near Dirac point by a linear relationship as follow*4],
E = iva, (2.1)
where £ is the electron energy, p is the relative momentum with respect to Dirac

points, vg is called Femi velocity with the value of around 10° m/s, plus (+) and minus

(—) are the conduction and valence band, respectively.



Figure 2.1. Electronic dispersion of graphene with honeycomb symmetry in the
momentum space. On the left hand, it shows the energy dispersion as function of 4x and
ky. The image at right hand is the zoom of the energy band near a Dirac point (Reprinted

with the permission from Ref.3¢), © 2009 APS).

Moreover, the band gap of graphene is zero, which leads to semi-metallic
properties. Such an exotic linear dispersion is strikingly different from semi-metallic
bilayer graphene and graphite with parabolic dispersion at the Fermi energy!*3l. The
graphene band structure is sensitive to the lattice symmetry as shown in Figure 2.2.
The free-standing symmetric double layer graphene in Bernal stacking is gapless.
However, a tunable band gap up to 250 meV will be opened in bilayer graphene if the

inversion symmetry is broken by external electric field (Figure 2.2¢)3738],

Figure 2.2. Electronic structure of monolayer graphene (a), symmetrical bilayer

graphene (b), and asymmetrical bilayer graphene (Taken from Ref.[*]),

As discussed above, the strong dependence on layer number for graphene
electronic structures has made thickness tuning as an essential research way in graphene
studies. Such a research philosophy can also be applied to semiconducting TMDs

(thermodynamically stable 2H phase), e.g., MoSe>, MoS,, WSe>, and WS>, which



attract much attention, since a transit from indirect to direct band gap is revealed when
their thicknesses are thinned down from bulk to monolayer. Figure 2.3a, b display the

calculation results from bulk and monolayer MoS: using density functional theory

40,41

(DFT) with generalized gradient approximation*®#!l, respectively.

(a) bulk MoS, (c)

\\/A 20% Mo dyy + 20% Mo dyz.,2 +

12% Mo d;2+ 6% S p
E,=088eV

E (eV)

Y
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Figure 2.3. Electronic band structure of bulk MoS: (a), and monolayer MoS; (b).
Schematic pictures of low energy band of bulk MoS; (a), and monolayer MoS, with

characters of electronic orbitals and spin-orbit splitting (Taken from Ref.[40]),

Taking MoS, for example, the gap type transition is shown to be the results of
orbital composition of electronic states and quantum confinement effect*]. For its bulk
crystal, the states near valence band maximum (VBM) at I" point are mainly composed
of p orbitals of S atoms and d orbitals of Mo atoms. The orbital geometry along out-of-
plane direction makes the energy levels of these states significantly affected by quantum
confinement effect as shown in Figure 2.3c. Hence, with decreased thickness of MoS,,
indirect band gap size grows due to the enhanced quantum confinement effect?. On

the other hand, the states at valence (VB) and conduction band (CB) at K point are



mainly made up of localized d orbitals from Mo atoms (Figure 2.3d) which are laid in
plane and are less sensitive to interlayer coupling than those near I' point. Therefore,
the direct band gap almost remains unchanged. The different characteristic of band gap
in bulk and monolayer group-VI TMDs gives rise to the distinguishing optical

properties, which will be demonstrated in the following sections.

2.1.2. Dielectric screening

Dielectric screening of 2D materials is strikingly different from that of bulk
material, which can be understood by a simple picture using the knowledge of solid-
state physics. In bulk materials, the charge is partly screened by the polarization charge.
However, in the case of 2D materials, the previous simple description cannot work
anymore, because the field line of testing charge extends outside the atomic thin
materials into the vacuum, where the screening effect is significantly suppressed!].
Due to the reduced screening effect, the optically excited electron-hole pairs (excitons)
have a large binding energy in 2D materials, which is very important in studying the

optical excitation of monolayer TMDs.

Moreover, in practice, the existence of special surroundings like substrates
underneath will further modify the optical behaviors of 2D materials are very sensitive
to surroundings like substrates underneath. For example, considering the effect from
substrates, the screening is finally taken into account by a dielectric constant with the
value of (esw + 1)/2, when 2D material is supported by a substrate with dielectric

[40

constant of eup!*”). To be more accurate, the dynamical dependence of dielectric

function on the wavevector (¢g) and frequency () should be considered*+43,

2.1.3. Excitons

When a semiconductor absorbs a photon with higher energy than its band gap, a
quasi-particle, called exciton, is then formed as a complex state of an electron at CB
and a hole at VB bound by the Coulomb interaction. The excitons have been

experimentally observed in many solid-state materials, which can be classified into two



types — Frenkel exciton (Figure 2.4a) and Wannier-Mott exciton (Figure 2.4b),
depending on the size of excitons and the strength of Coulomb interaction.

a Frenkel exciton b Wannier-Mott exciton

Figure 2.4. Schematic of Wannier-Mott exciton (a), and Frenkel exciton (b).

The Frenkel excitons with a binding energy on the order of 0.1-1 eV*¢l usually
have a smaller radius and exist in atoms, molecules or insulators. In contrast, the
Wannier-Mott excitons which are also called as free excitons, are mainly observed in
semiconductors. Because of the reduced Coulomb interaction between electron and
hole, they have a large radius and can freely move through the crystals. In addition,
charged excitons (trions) can be formed as well in the semiconductors. The trion is a
bound state composed of two electrons and a hole (negatively charged exciton or
negative trion) or an electron and two holes (positively charged exciton or positive
trion), as shown in Figure 2.5. In some cases, four-particle complexes as biexciton can
also exist, under higher exciton density (Figure 2.5¢). In this thesis, I will focus on

discussing the Wannier-Mott excitons or trions in TMDs.

3 b C D/_\
£ &b <
Negative Positive Bi-exciton

trion trion

Figure 2.5. Schematic illustration of negative trion (a), positive trion (b), and biexciton

().

The Bohr model can be applied to exciton because we can think that the electron

in exciton is bound and move around the hole, like a hydrogen atom. The exciton energy



levels which depend on dimensionality () of semiconductor, can be given as below!*’]:

Ee

E,=E,——, 2.2
A=) -
Ee =~ Ey, (2.3)

where n=1, 2, 3..., is the principal quantum number, E is the bandgap, E, is the
effective Rydberg constant, E}; is the Rydberg constant, m,, is the free-electron mass, €

1s the dielectric constant, and u is the reduced mass of electron in exciton.

According to the Eq. (2.2), the binding energy of 1s exciton (E},) is described as

belowl*7]:
2
Ey = (z7)Ee, (2.4)

therefore, in the case of three-dimensional (¢ = 3 ) system, E}, = E,, while in the
two-dimensional case, Ey, = 4E,, which is 4 times larger than that of 3D materials

because of the reduced dielectric effect.
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Figure 2.6. (a) Real space illustration of excitons with electric field lines in 3D (upper)
and 2D semiconductors (down). (b) Optical absorption of 3D and 2D semiconductors,
which is affected by the electronic and excitonic properties caused by the

dimensionality (Reprinted with the permission from Ref.[*8]. © 2009 APS).

In an atomically thin 2D semiconductor, the electric field lines of exciton extend
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outside the monolayer materiall*®! as shown in Figure 2.6a, which leads to the
dramatically reduced screening effect as discussed in Section 2.1.2. This contributes to
a further enhancement factor (more than 4) of binding energy in exciton in atomic thin
semiconductors, which is called as “dielectric confinement” or “image charge effect”*%,
In addition to larger binding energy of excitons in 2D materials than that in 3D materials,
the quasiparticle band gap is also enhanced in monolayer materials. This behavior can

be observed in optical absorption spectra, as shown in Figure 2.6b. As discussed above,

the excitonic properties in 2D materials can be strikingly different from their bulk

crystals.
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Figure 2.7. Schematic of relationship between excitonic Rydberg states and electronic
band gap. The inset shows the energy level schematic diagram of exciton states.

(Reprinted with the permission from Ref.[6l. © 2018 APS).

Figure 2.7 shows the relationship between excitonic Rydberg states and free
particle electronic band gap. The emergence of bound exciton states below the free
particle bandgap caused by the Coulomb attraction between electrons and holes, which
are labelled by their corresponding principal quantum number!®#*’l. The inset shows the
energy level schematic diagram of atomic like exciton states with the binding energy

(EB) of ground state (n=1) below the free particle (FP) bandgap!®+°!.
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Figure 2.8. Experimental result of reflectance contrast of 1L-WS; at 5 K with inset of
the main transitions of 4, B, and C excitons (Reprinted with the permission from Ref.[5%,

© 2014 APS).
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Experimentally, the reflectance contrast defined as - = (Rsample — Rsubstrate)/
Rgubstrate €an demonstrate the characteristic features of excitonic Rydberg series in 1L-
TMDs and the binding energy can be estimated, where Rsample, and Rgypstrate are

reflectivity from sample and substrate. Figure 2.8 exhibits the experimental result of
reflectance contrast derivative of 1L-WS; at 5 K. The inset shows the main transitions
of 4, B, and C excitonsP!l. The main figure explains the properties of 4 excitons with
the estimated binding energy on the order of 20-30 me V%, The peak intensity and the
energy spacing of 1s, 2s, 3s, 4s, and 5s states of the 4 exciton reduce with energy

increasing are typical properties of an excitonic Rydberg series.

2.1.4. Photoluminescence

Photoluminescence is a radiative emission process, which happens when excited
states relax to the lower energy level by emitting photons. Figure 2.9 shows the general
diagram of PL process in solids. Here, Tyg 1s the non-radiative decay time and tp is
the radiative decay time, which determines the value of PL quantum efficiency (ng) as

following:



1
Mk = T (2.5)

TNR

from Eq. (2.5), the radiative lifetime should be much shorter than non-radiative

lifetime to achieve an efficient PL process.

CB\ i-E

Figure 2.9. Schematic of PL process of exciton.

The PL intensity of TMDs has strong dependence on their thickness, because their
band structures show in-direct to direct band gap transformation with the number of

layers decreasing as discussed in Section 2.1.1142:52:53],
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Figure 2.10. (a) PL spectra of 2L-MoS, and 1L-MoS,. The inset presents the PL
quantum efficiency with the layer number from 1 to 6. (b) Energy of peak A in MoS;
with the layer number from 1 to 6. The dashed line indicates the bulk band gap
(Reprinted with permission from Ref.[*, © 2010 APS).

Figure 2.10a shows the PL spectra of monolayer (1L) and bilayer (2L) MoS>. The
dominant peak intensity at 1.9 eV is dramatically increased in monolayer MoS». The

ng of 1L-MoS: is over a factor of 10* compared with the bulk MoS,. The peak position



shifts to higher energies with thickness decreasing!#?]. Similarly, the results of thickness

dependent PL intensity were observed in WS, and WSe 1,

The temperature dependent behaviors PL intensity of 1L-WSe; (WS;) and MoS»
(MoSe») are fundamentally different. Figure 2.11a presents the PL spectra of 1L-WSe;
at various temperatures. The PL intensity of the dominant peak in 1L-WSe; increases
with elevating the temperature. However, the PL intensity changes opposite in 1L-
MoS; with increasing temperature. Figure 2.11b shows the integrated PL intensity of
1L-WSe: (red dots) and 1L-MoS: (blue dots). It shows the very clear difference between
two monolayer samples because of effect of dark excitons. The PL intensity from bright
excitons can be understood by the temperature dependence of radiative decay time
(tgr « T)B*, Therefore, the different temperature dependent PL intensity of 1L-WSe»
can be explained by the emergence of dark excitons, which exists at the energy level

below bright excitons.
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Figure 2.11. (a) PL spectra of suspended monolayer WS from 110 to 260 K. (c) The
temperature dependent normalized PL intensity of 1L-WSe, and MoS: as a function of

temperature (Reprinted with permission from Ref.[’*l, © 2015 APS).

2.2. Valley physics of 1L-TMDs

Similar to charge, and spin, “valley” as a new degree of freedom is possibly
manipulated to store and carry information; it attributes to the novel electronic
applications, which is well known as valleytronics®>%l. The new materials for

exploring valleytronics are crucial. These materials should have a band structure with
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doubly- or more-degenerate but inequivalent valleys. The monolayer TMDs with
broken spatial inversion symmetry breaking and strong spin-orbit coupling provide a
good platform to explore the valley physics, and valleytronics applications. In the

following sections, I will give a brief introduction to valley physics of monolayer TMDs.

2.2.1. Spin-valley coupling

At first, let us look at the structure of TMDs carefully. Figure 2.12a shows the
crystal structure of 2H-phase bulk MoS, with a space group of DJ;,, which keeps the
spatial inversion symmetry. In contrast, monolayer MoS: belongs to D3, group, which
breaks the spatial inversion symmetry as shown in Figure 2.12b. The 1L-MoS; has a
band gap at the K+ and K— (K and —K are other symbols labelled by other papers>’))
points which are corners of Brillouin zone in Figure 2.12b. Using a two-band tight-
binding model (massive Dirac fermion model), Hamiltonian of 1L-TMDs can be

described as followingl®"):
i34 A A A A 62_1 A
H = at(r,,kxax + T,,kyay) +50, — ATTSZ, (2.6)

where a is the lattice constant, t is the effective hopping integral, Tt = +1 is the
valley index, k denotes the relative crystal momentum, A is the band gap, & is the Pauli
matrices for basis functions, 24 is the splitting at the top of VB due to spin-orbital
coupling (SOC), and $, is the Pauli matrices for spin projection along z direction. The
last term is from SOC, which is attributed to the d orbital of Mo atomsP®. The
conduction band-edge is spin degenerate at K+ and K— points and the valence band-
edge splits due to the strong SOC. Moreover, the splitting at K+ and K— valleys should
be opposite because of the time-reversal symmetry, as schematically shown in Figure
2.12¢ and Figure 2.131°7], The small splitting of conduction band is obtained by three-

band tight binding model>°1.



Figure 2.12. (a) Unit cell of bulk MoS, with 2H stacking order. (b) Top view of
monolayer MoS». R; (i=1-6) are the nearest vectors to Mo atoms. (c) Schematic image
of band structure of monolayer MoS; at the band edges at K points. (Reprinted with
permission from Ref.’7l. © 2012 APS)

The large splitting at the valence band was reported to be ~150 meV for MoX; and
~450 meV for WX,!%81. The reversed spin splitting with the two doubly-degenerate

20571 The coupling of valley

valleys directly leads to the spin valley coupling (locking)!
and spin requires a simultaneous spin flip in addition to a large momentum to transfer

to conserve energy!®®®!l which gives a rise to attractive phenomenal?°l.

2.2.2. Orbital magnetic moment and Berry curvature

The orbital magnetic moment is related to the valley pseudospin which is analogy

(621, Two parts have contributed to the

to the bare magnetic spin linked to the real spin
orbital magnetic moment, that are intracellular component stems and intercellular
contributions. The first component is formed by the parent atomic orbitals. In

monolayer-TMDs, the intracellular component origins from the hybridization of
dy2_y2 and dy,, orbitals (dyz_,2 + T,idy,) with angular momentum [, (I, = 27h) for

the valence band, while the hybridization of d,z orbitals with [, = 0 for the conduction



band. The intracellular component stems mainly contribute to the value of valley
Zeeman splitting, which will be explained detailly in next section. The second
component arises from phase winding of Block states on the intercellular scalel®],
which relates to the Berry curvaturel®24. I will briefly introduce the concept in this

section.

To simplify, the following discussion assumes that the intracellular circulation
currents is absent in a nondegenerate band. Orbital magnetic moment contributed by
the intercellular current circulation in the conduction band is described using k - p

analysis as described below [3;

— _j el g POXP)
mk) =~z Lize s w-eoth) @7

where p (k) is the interband matrix element of the canonical momentum operator,
and (k) is the band dispersion. The broken inversion symmetry again gives rise to
finite Berry curvatures at the K+ valleys, resulting in a finite valley Hall conductivity.

The Berry curvature in the CB is described by>7:%6);

— _j Py Pt
.Qc(k) = lmg Zlic[ei(k)—sc(k)]z' (28)

the Berry curvature in the VB has the same value, but with the opposite sign.
Moreover, due to the finite Berry curvature with opposite signs in K+ and K- valley,
an in-plane electric field can be spontaneously produced, which is known as valley Hall

effect, as an analogy of Hall effect in the classical picture.

The optical circular dichroism is related to orbital magnetic moment, and Berry

curvature as following!®6l:

_ om0z _ ()i e N

where up (k) is the effective Bohr magneton. From the relationship, it is noted

that the valley contrasted optical circular dichroism is accompanied by valley contrasted

contribution to Hall conductivity.
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Figure 2.13. Spin-valley coupling with optical selection rule.

The orbital magnetic moment is coupled with circularly polarized light, giving a
rise to the optical selection rule for interband transition[®®). The light with right helicity
(™) only couples to the K+ valley, while the light with left helicity (¢7) only couples
to the K— valley. In addition, because of the spin splitting of the valence-band, the valley
optical selection rule becomes spin-dependent selection rules in monolayer TMDs as

shown in Figure 2.1357],

2.3. Optical control of valley polarization

As discussed above, the monolayer TMDs have doubly degenerated but
inequivalent valleys, because of broken inversion symmetry and strong spin-orbit
coupling. The excitons or trions at K+ and K— valley in monolayer TMDs have a valley
degree freedom, which can be selectively excited by shining circularly polarized light,
called as valley polarized excitons or trions. This has been demonstrated independently
by different groups using optical excitation and detection of circularly polarized
light!8:6768] The valley polarization defined by the difference between the population
of two-valley (K+ and K-) excitons can be experimentally measured by the PL spectra
with circularly polarized light, which is very important experimental technique in this

PhD thesis. The valley polarization p can be described as:

Igi—15—
p =" (2.10)
o+ o—
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where I, and I, represent the PL intensity of valley excitons at K+ and K-
valley, respectively. In an ideal case, the valley polarization can be unity under perfectly

circular polarized light, and negligible valley scattering.
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Figure 2.14. (a) PL spectrum of 1L-MoS; with excitation energy of 1.96 eV. The
corresponding polarization as a function of photon energy is shown in (b). (i) Schematic
diagram of valley excitonic states followed by optical selection role. (d-f) Results of
bilayer MoS» with excitation energy of 1.96 eV. (g-i) Results of 1L-MoS; at 2.33 eV
excitation. (j-1) Results of 1L-MoS, at 2.09 eV excitation. (Reprinted with the

permission from Ref.[¢7). © 2012 Springer Nature).

Moreover, the valley polarization shows resonant dependence in photon energy, as
shown in Figure 2.141°71. The resonances with 4 and B exciton are at around 1.9 and
2.1 eV, respectively. Figure 2.14a, b display the PL of 1L-MoS: and their valley
polarization on resonance excitation with the 4 exciton!®’l. The valley polarization of 4
exciton under this condition is near unity according to optical selection rule. Figure
2.14j, k show the results for the B exciton excited by 2.09 eV photon. Hot luminescence
near the B exciton energy have the same helicity as the optical excitationl¢”!. However,
the A exciton PL does not have valley polarization, which leads to the same population
of band-edge holes at the two-valleys (K+ and K-) after relaxation from the B to 4

20



exciton state, as shown in Figure 2.14il°’!. Figure2.14g, h present the results under
2.33 eV, which is higher than resonant energy of both 4 and B exciton. Therefore, no

valley polarization is observed at all here.

2.4. Zeeman effect

2.4.1. Zeeman effect of atoms

Before discussing the valley Zeeman effect in TMDs, I will briefly give an
introduction of Zeeman effect in atoms. The degenerated atomic energy level is split
into several sublevels, when magnetic field (B) is applied to atoms. The splitting here
is so-called Zeeman effect of atoms. The Zeeman effect is associated with quantum
numbers of atoms which are orbital momentum L, spin momentum S, and total angular
momentum J. The atomic level without magnetic field has degenerate energy levels
with the number of M, which equals 2J+1. Figure 2.15 shows the example of 2P,

energy levels of an alkali atom with and without magnetic field (B).

M,
+3/2
2Py, P +1/2

-

112
> -3/2

E

B=0 B#0

Figure 2.15. ?P3, energy levels of an alkali atom without and with magnetic field.

The splitting energy of an atomic orbit under a magnetic field can be written as

below:
AE = —uB, (2.11)
u=—g;usMj, (2.12)
JU+D+S(S+1)-L(L+1)
91 2](+1) 213

where u is the magnetic moment of the atomic orbit, B is the out-of-plane
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projection of the magnetic field, ug is the Bohr magneton, g; is the Landé g-factor and

Mj is the number of degenerate state. Hence, we can get:

2.4.2. Valley Zeeman effect of 1L-TMDs
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Figure 2.16. Top figure shows the schematic of valley magnetic moment. Blue (red)
represents spin up (down) in K+ (K—) valleys. The magnetic moment also attributes to
the atomic orbital for holes (purple arrow), which has opposite sign in the K+ and K—
valleys. Bottom gives energy level diagram, which presents the three factors to the
valley Zeeman shifts (black: spin, green: valley, purple: atomic orbital). Reprinted with

permission from Ref.[®?]. © 2015 Springer Nature.

Three factors should be considered to give a total Zeeman splitting of valley, which

are from spin magnetic moment, atomic orbital, and “valley magnetic moment”
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contributed from the self-rotation of the wavepacket(6>64%%), as shown in Figure 2.16.
The contribution of spin magnetic moment shown by the black arrows can be neglected
because optical transitions conserve spin. The atomic orbital contributes to the value of
Zeeman splitting as indicated by purple arrow. As discussed in Section 2.1.1, the
valence band is mainly composed of d orbitals with m=2 for K+ and m= -2 for K-
valley, respectively. The valence band shift with Aa = 2tugB (t = 1 for K+ valley and
T, = —1 for K- valley). In the case of conduction band, it is mainly made of d orbitals
with m= 0 for both valleys. Therefore, the splitting for the contribution band from
atomic orbitals is —4ug B, which is linear with B. In the case of valley magnetic moment
contribution, the valley Zeeman shift for each band is given by A= a;Tug. Here a; is
the valley g-factor for band 7 (i means conduction or valence band) depending on the
value of mo/m*, where m"* is the effective mass of electron (hole).

The energy difference between two-valleys can be roughly described byl®?!:

A,(K+) —A,(K=) = 2(%—’”‘)) ugB. (2.15)

e Mp
In the massive Dirac fermion model, the effective mass of electron and hole are
the same, which gives an identical contribution of intercellular magnetic moment. In
this approximation, the valley magnetic moment would not affect the exciton
resonances/®>%°, However, in more general hopping model, the effective mass of
electron and hole is no more identical, resulting in the contribution of valley magnetic

moment to valley Zeeman splitting!”?l,

From experiments such as PL measurements, the valley Zeeman splitting can be

estimated by the peak energy difference of excitonic states using the following equation:

A,=E(K+)—-E(K-), (2.16)

here, E(K +) and E(K —) represent the peak energy of excitonic states at K+
valley and K- valley, respectively.

Similarly, the g-factor of valley excitons could be defined as bellow:

_ 2[E(K+)-E(K-)]
upB

: (2.17)

v
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the g-factor is calculated to be —4, expected to the d-orbital contribution to valley

Zeeman splitting, consistent with experimental value!”),

Figure 2.17a shows the PL spectra of 1L-MoSe; under 0, 6.7 and —6.7 T. Clearly,
the PL spectra of 1L-MoSe; with o+ and o— component corresponding to K+ valley
and K- valley exciton, respectively are identical without magnetic field. At 6.7 T, the
peak position of excitons (X) and trions (T) have a red-shift for K+ valley and move to
a blue-shift for K- valley. On the contrary, the shift of excitonic states at two valleys
under —6.7 T is reversed. Figure 2.17b presents the valley splitting energies of exciton
and trion as a function of magnetic field, indicating the linear change. The slope is
estimated to be —0.22+0.01 meV/T, corresponding to the g-factor of —3.8+0.2, which is

close to the value of g-factor from atomic orbitals of -4.
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Figure 2.17. (a) PL spectra of 1L-MoSe: at various magnetic fields. (b) Peak energy
differences of two-valleys as a function of magnetic fields. Reprinted with permission

from Ref.[®°]. © 2015 APS.

2.5. Van der Waals heterostructures

Different 2D materials can be mechanically stacked together by van der Waals
force to make artificial heterostructures, as shown in Figure 2.18, which gives a rise to

very interesting physical phenomena, and device applications.
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Mechanically-assembled stacks

Figure 2.18. Van der Waals heterostructures by mechanically stacking. Reprinted with

permission from Ref.[’!]. © 2016 Springer Nature.

In this section, I will introduce two typical effects that occur in van der Waals

heterostructures based on 1L-TMDs which are the focus of my PhD research.

2.5.1. Magnetic proximity effect

As introduced previously, the valley degeneracy of 1L-TMDs can be lifted with
applying out-of-plane magnetic field. However, the valley Zeeman splitting is limited
in this approach, which impedes the controlling of valley polarization for valleytronics
application. An effective solution to the problem of small valley polarization or valley
splitting is to utilize the magnetic proximity effect. The magnetic proximity effect
introduces an exchange magnetic field from a ferromagnetic substrate to a monolayer
TMD on top, which enhances the valley magnetic response!!®l. The magnetic exchange
fields with value up to ~10 T from EuS or Crl; substrate imposed on monolayer WSe:

have been reported’>73], where EuS and Crl; are ferromagnetic insulators.

Figure 2.19a, b shows the schematic diagram of the magnetic proximity effect of
WSe2/EuS heterostructure. With the ferromagnetic substrate, the addition magnetic
spins from EuS to WSe> are highlighted in red arrows due to the magnetic proximity
effect. Figure 2.19¢ shows the valley Zeeman splitting in WSe> as a function of
magnetic field on EuS and on Si/SiO». The valley splitting in WSe> on EuS is enhanced
significantly and deviates from linear dependence as a function of applied magnetic

field B.
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Figure 2.19. (a) Schematic diagram of WSe. on Si/SiO». (b) Schematic diagram of
WSe, on ferromagnetic EuS substrate. (c¢) Valley splitting of excitonic peak as a
function of magnetic field of WSe> on EuS (green) and on Si/Si0O; (purple). Reprinted

with permission from Ref.[7?), © 2017 Springer Nature.

2.5.2. Moiré excitons

Moiré excitons refer to the excitons confined in periodic moiré potential, which
could be realized in van der Waals heterostructures with a twisted angle or lattice
mismatch, as illustrated in Figure 2.20a. Three typical types of band alignments
(straddling/type-1, staggered/type-II, and broken/type-III) can be formed in
heterostructures. Moir¢ pattern in heterostructures by stacking two different 1L-TMDs
heterostructures is usually accompanied with type II band alignment(’#! (staggered gap),
as shown in Figure 2.20b,c. The moiré period (A) varying from several nanometers to

tens of nanometers is given by following!?3!:

1= AtopAbhottom

, (2.18)

2 2
\/atop+abottom—Zat(,pabottomcose

Atop and Aporeom are lattice constant of top and bottom layer of heterostructure,
and 0 is the relative twist angle. It is well known that interlayer excitons usually formed
in TMD heterostructures with staggered type Il band alignment, because the excitons
are composed of electrons and holes separated in two different layers!’>!. Both interlayer
(electron and hole in different layer) and intralayer excitons (electron and hole in same
layer) could be trapped in moiré potentials, which leads to the formation of moiré

excitons.
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Figure 2.20. (a) Top: moiré pattern formed by stacking of two different 1L-TMDs with
a twisted angle (0). Bottom: excitons trapped in periodical moiré potential (moiré
excitons). (b) Vertically stacking of MoSe, and WSe> with the schematic diagram of
interlayer excitons and intralayer excitons. (¢) Type II band alignment of MoSe>/WSe;

heterostructure.

The PL spectra from moiré excitons show extremely narrow peaks under low
power excitation condition. Figure 2.21a shows the typical PL spectra of interlayer
moiré excitons in MoSe>/WSe» heterostructure with a twisted angle of 2° under 10 uW
(red) and 20 nW (blue). Under low power excitation condition, the typical linewidth
observed is on the order of 0.1 meV, suggesting there exists confined moiré potentials*?l.
In contrast, the PL spectrum under high excitation power condition, a broad peak has
been observed, because ensemble average from many moiré excitons with Gaussian
distribution in energy were attributed to the PL spectra. Moreover, another
characteristic of PL from the moiré excitons is the strong dependence on twisted angle.
As shown in Figure 2.21b, the PL intensity of moiré interlayer excitons of
heterostructure with twist angle of 2° around 1.3 to 1.4 eV is much stronger than that
with 20°. This behavior can be explained by the large momentum mismatch of the first
Brillouin zone corners between CB and VB in 20° heterostructures, which suppresses
the PL quantum yield. These studies opened the door to study quantum physics with
moiré excitons, showing the potential in quantum information and nanophononics
applications. Moreover, moir¢ systems have provided a novel way to combine different
layered materials together. For example, the combination of 1L-TMDs and layered

magnetic materials might pave the way to engineer the magnetic moiré excitons.
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Figure 2.21. (a) PL spectra of interlayer moiré excitons in MoSe>/W Se; heterostructure

with a twisted angle of 2° under 10 uW (red) and 20 nW (blue). (b) PL spectra of moiré

interlayer excitons of heterostructure with 2° (green) and 20° (sky-blue). Reprinted with

permission from Ref.[*%l. © 2016 Springer Nature.
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Chapter 3. Experimental methods and setups

3.1. Introduction

In this chapter, I will introduce the methods of sample preparation and the optical

setups, which are used through this PhD thesis.
3.2. Sample preparation

3.2.1. Monolayer fabrication

Bulk crystals were mechanically exfoliated to obtain their monolayer TMD
samples. This method is well known as “scotch-tape” technique. The only necessary

instruments used are bulk single crystals and adhesive tape.

a

Figure 3.1. (a) Photograph of blue tape. (b) Exfoliated MoSe; flakes on the blue tape
for exfoliation. (¢) Fabricated monolayer MoSe, on Si0,/Si substrate. (d) Fabricated

monolayer MoSe> on PDMS film.

In this thesis, all monolayer or thin layer samples were fabricated mechanically
using a blue tape (Nitto, SWT 20+R/LB), as shown in Figure 3.1a. The single bulk
crystals of MoSe, and MnPS3 were purchased from the company of hq graphene and

2D semiconductors, respectively. The high-quality crystals of 2-BN were synthesized
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using high pressure method by the groups of Dr. Kenji Watanabe and Dr. Takashi
Taniguchi in national institute of material science (NIMS), Japan!’8l. Prof. Yutaka
Moritomo in Tsukuba University, Japan provided single crystals of
(Lao.sNdo2)12Sr1 sMn>O7 (Mn oxide) fabricated by floating-zone method!””). The small
pieces of flake on this blue tape (Figure 3.1b) were subsequently transferred on Si0,/Si
substrates with thickness of SiO; with a thickness of 270 nm or polydimethylsiloxane
(PDMS) film (Gel-pak, GEL-FILM PF-20/17-X4). Figure 3.1c, d show the typical

optical images of monolayer MoSe: on Si02/Si substrates and PDMS film, respectively.

After depositing some flakes onto the substrate, finding monolayer is necessary
because monolayers are randomly distributed on the substrates, where the flakes with
various thicknesses such as a few layers and thicker bulks exist. The optical contract,
PL spectra, and height profile in AFM measurements are used to identify the

monolayers. The setup used here will be described in detail in Section 3.3.

3.2.2. Heterostructure preparation

Two methods for preparation of vdW heterostructure samples are conducted

thought out the studies of PhD thesis.

MoSe,

Mn oxide

Si/SiO,

Mn oxide

Si/SiO,

Figure 3.2. (a) Image of transfer setup. (b) Detail process of dry-transfer method using
PDMS film.
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Figure 3.2 shows the process of the first technique, called as “dry-transfer
method”, which is used for preparing the A#-BN encapsulated monolayer MoSe>
heterostructure in Chapter 4, 1L-MoSe>/Mn oxide with A-BN spacer and other
heterostructures in Chapter 5. Figure 3.2a shows the optical image of transfer setup.
For instance, Figure 3.2b presents how to make 1L-MoSe>/Mn oxide sample using this
method. The Mn oxide fabricated by mechanical exfoliation is directly prepared on the
Si10,/Si substrate, while 1L-MoSe; is fabricated on the PDMS film. Then, 1L-MoSe;

on PDMS is transferred onto the surface of Mn oxide.

The detail process of second method is explained in Figure 3.3, which is known
as “viscoelastic dry-transfer technique”. Compared with the previous way (dry-transfer
method), the higher quality of vdW heterostructures can be prepared in Chapter 6. The
impurities between layers can be reduced in this method, because the active surfaces of
layers no more contact the polymerl’®. As demonstrated in Figure 3.3, the poly-
procarbonate (PPC) is spin-coated on the PDMS to pick up and release few layers or monolayer
two-dementional materials exfoliated mecanically on the SiO,/Si substrates. After the
sequentional pickup of a few (mono) layer, the PPC and PDMS are then removed by imersing

them in acetone solution.

The heterostructure samples are thermally annealed at ~ 150 °C for 1 h in Ar/H»

(97%/3%) forming gas for a good contact between each layer.

~ PDMS ] ]
ppC
Pick up ﬂ » Pick up ﬂ » Pick up ﬁ
| ______ | MoseZ | MnPSS I h-BN
Si/SiO,

¥

I
Acstone I
I I Drop down @

Figure 3.3. Schematic of “viscoelastic dry-transfer technique”. After the sequentional
pickup of a few (mono) layer, the polymer layers were then removed by imersing them

in acetone solution.



3.3. Experimental setup

3.3.1. Micro-Raman spectroscopy system

The identification of 1L-TMDs from their optical contract and their typical PL
spectra are conducted by commercial Micro-Raman spectroscopy system (Nanophoton,
RAMAN touch). Figure 3.4a shows the photograph of Nanophoton, RAMAN touch.
The right-side image is the inside of the part highlighted in orange line, which is
controlled by the software (Raman viewer) installed in the computer. Figure 3.4b gives
a schematic of optical pass of the Nanophoton, RAMAN touch. The semiconductor
laser (532 nm) is used here to excite the samples with equipment of confocal slit, cooled
CCD and spectrometer to obtain high resolution PL and Raman scattering spectra,

which would provide the information the layer number of TMDs.

Moreover, the temperature-dependent PL spectra and Raman scattering
measurement in Chapter 5 and Chapter 6, respectively, are taken by this setup with

liquid helium cooled cryostat to control the sample temperature.

a
b B 1340 pivels
Cooled CCD §§ S P Intensity
Spectrograph 3 ?.
. |400-pixels
Confocal slit y
= - X /,7/ \\
3 / .// - ~
Mirror - P / \
,/ -~ ; Wavenumber
Position 3
<5l
P Pacs 2
<§:« 400 Raman spectra are detected simultaneously.
- Line-shaped Raman light is generated

Figure 3.4. (a) Optical image of Nanophoton, RAMAN touch. (b) Schematic of optical
pass inside the Nanophoton, RAMAN touch. Taken from Ref.[%].
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3.3.2. Atomic force microscope measurement

Atomic force microscope (AFM) measurement was used to detect the thickness of
h-BN spacers in Chapter4, 5 and check the surface roughness of Mn oxide in Chapter
5. The image of AFM (SII, Nano Navi IIs, Nanocute) equipped with self-sensitive micro
cantilever (PRC-DF40P) is shown in Figure 3.5a. Figure 3.5b presents the typical
AFM image of 4-BN layer with the scale bar of 200 nm. The line-cut along the white
line in Figure 3.5b is shown in Figure 3.5¢. Two-plateaus with slight fluctuations are
observed here, which correspond to the surface of #-BN and SiO/Si substrate,
respectively. I can estimate the thickness of the #-BN layer to be 3.8 nm from the height

difference between two plateaus.

a

0 L L L
0nm 0 100 200 300
Distance (nm)

Figure 3.5. (a) Photograph of AFM measurement. (b) AFM image of #-BN. (c) AFM

height profile of #2-BN along the white line in the image of (b).
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3.3.3. Circularly polarized PL spectra measurement under magnetic

field

Figure 3.6. Photographs of the home-made setup of optical measurement under
magnetic field. The photographs of compressor for He circulation and electrical circuit

for generation of magnetic field are shown.

Circularly polarized PL spectra under magnetic field throughout the thesis
(Chapter 4-6) were measured using home-made optical setups as shown in Figure 3.6.
The optical pass of the setup is exhibited in Figure 3.7. The samples are set into the
cryostat (ST-500, Janis), which is controlled by the cooled system with liquid helium
(RH100, Air liquid) and temperature controller (Model 34, Cryo-con). The magnetic
field ranging from —7 to +7 T is applied perpendicular to samples surface (Voight
configuration). The continuous wave He-Ne laser (633 nm) is used for a light source to
optically excite the sample. The neutral density (ND) filter after the laser source is to
adjust the laser power on the samples. The quarter-wave (A/4) plate is used to create
circularly polarized light (c+ or 6—) before objective lens (X100, NA=0.5, M Plan Apo
NIR, Mitutoyo). Circularly polarized light selectively excites valley exciton of 1L-
MoSe», because o+(c—) light excites the excitons in K+(K-) valley according to the
optical valley selection rule, as explained in Chapter 2. However, the PL signals
corresponding to o+(c—) circular polarized component from K+(K) valleys can be

detected because of intervalley scattering between K+ and K—, and vice versa. The
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signals from K+(K~) are selectively detected using polarization sensitive measurements.
By rotating the half wave plate (A/2), the PL signal can be selectivly chosen. The
circularly polarized PL signals are converted to linearly poralized light with passing the
quarter-wave plate after objective lens and selectively detected by passing the linear
polarizer. The long pass filter (650 nm) is used for removing the strong exitaion laser
light. Then, the PL signals from each valley are focused by lens (/=100 mm), and
detected by spectrameter (Kymera 1931, Andor) equipped with a pertiler cooled CCD
camera (DR-316B-LDC-DD, Andor).

Linear
ND filter polarizer
Mirror [ M Mirror
700 nm Temperature controller
short pass|::I
Quarter Objective Helium
wave plate lens

He-Ne laser Mirror, M
(633 nm) D— j‘
Beam splitter B

Mirror,
%_ Cryogen-free Liquid
Mirror magnet system helium
Mirro& |:| |:| |:| |:|

container
Half Linear 650 nm Focus lens
wave plate polarizer long pass =100 mm Spectrometer
and CCD camera

Desktop installed with
Andor SOLIS for spectroscopy

Optical fiber

Figure 3.7. Schematic of the circularly polarized PL measurement under magnetic field.

3.3.4. Time-correlated single photon counting

Time-correlated single photon counting (TCSPC) is powerful technique among
time resolved measurements, which will provide us the information of ultra-fast
excitonic (carriers, excitons, trions and so on) dynamics with recording the intensity
profile of emitted photons from materials in time-domain. Figure 3.8 shows the
schematic diagram of TCSPC measurement. As illustrated, single photons are
repetitively emitted from sample during the reference time of periodic trigger pulse,

which can be tagged like a stopwatch with a period from start to stop. After
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accumulation of many repetitive cycles (events), histogram of a single photon emission

is formed as shown in the final step of the process in Figure 3.8.

Trigger pulse Trigger electrical pulse
J\\ Mirror / \
__________ —
Start
Pulse laser
L == | ----- —| |—-.
Stop

Sample Single photon pulse _
Photon electrical pulse Single photon histogram

Figure 3.8. Schematic diagram of fundamentals of TCSPC measurement.
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633nm NP filter polarizer
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. Temperature controller
Supercontinuum laser 700 nm —
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Quartlert Obljectlve Helium
wave plate ens
Mir% flow
) Beam splitter B
Mirror, —
% Cryogen-free Liquid
Mirror magnet system helium
Band container
pass
Mirro& |:| |:| |:| |:| |:| ._I_m_
Half Linear 650 nm Focus lens
wave plate polarizer long pass =100 mm Optical fiber
— e

Coax delay box Pulse inverter
Single pho_ton Desktop installed with
avalanche diodes TCSPC modules

Figure 3.9. Schematic diagram of optical pass of home-made TCSPC measurement

setup under magnetic field.

I have built up the TCSPC setup for time-resolved PL measurements in Chapter
4, as shown in Figure 3.9. A supercontinuum laser with pulse width of ~ 20 ps and
reptation rate of 40 MHz (NKT photonics, Extream-K) is used as a light source. A linear
polarized light with excitation energy of 1.96 eV is generated using the band pass filter
with a bandwidth of 633 nm and linear polarizer. The objective lens (X100, NA=0.5,
M Plan Apo NIR, Mitutoyo) is used for this measurement. The PL decay signals of

trions and excitons are selectively detected using Si avalanche photodiode (MPD, SPD-
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050-CTD-FC) through a bandpass filter with a bandwidth of 760 nm and a bandpass
with a bandwidth of 750 nm, respectively. Instrumental response function (IRF) of
TCSPC setup caused by the timing uncertainty of detector introducing conversion from
a photon to an electrical pulse, i.e., timing-jitter is measured to check the resolution of

this TCSPC setup.

In Chapter 6, Fourier interferometer (Gemini, NIREOS) is employed between
sample and Si avalanche photodiode, which can map the PL signals from samples as a
function of emission wavelength (energy) and decay time. That means that the
interferometer and TCSPC give spectral- and time-resolved data. The variable spectral
resolution is beneficial to measure ultra-narrow peak signals without band pass filter.

The basic principle will be given, as described below.

Two replica rays of lights with changeable delay are created in the interferometer.
The output spectrum is obtained from the Fourier transform of the output light, where
the output spectrum is modulated at a tunable frequency by changing the delay time.
The light intensity depending on the delay time between replicas at the detector is
known as interferogram, from which the retrieved spectrum is obtained by the Fourier

transform!8J,

Figure 3.10. Photographs of the home-made setup of optical measurement of TCSPC

with Gemini and first-order correlation measurement.
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Figure 3.11. Schematic of combined setup of interferometer and TCSPC system for

spectral and time-resolved PL profiles.

Figure 3.10 presents the photographs of the home-made setup of optical
measurement of TCSPC with Gemini. Figure 3.11 shows the schematic setup of
combination of interferometer and TCSPC system. The sample is put in a cryogen-free
cryostat (Cryostation C2, Montana Instruments). The interferometer is installed before

the single photon avalanche diode to obtain the PL intensity decay map.

3.3.5. First-order correlation PL measurement

The first-order correlation function g'(7) of PL signals is recorded by inserting an
interferometer before the monochromator, from which dephasing time (coherence time)
T> can be estimated. 7> is described as follows:

1 1 1
—=—+= (3.1)
T, 2T, Tj

where T is the energy relaxation time, and 7>" is the pure dephasing time. The first

term on the right-hand side represents the dephasing of population decay, which can be
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experimentally obtained from the TCSPC measurement. The second term means the

dephasing by the population conserving scattering.

Linear
He-Ne laser ) .
(633 nm) ND filter  polarizer

|_| |_| Mirror
-

Mir% |

Beam splitter Obijective
650 nm — P IJens Sample in

long pass cryostat

Interferometer el

Focus lens —
f=100 mm

Optical fiber

Desktop

Spectrometer and CCD detector

Figure 3.12. Schematic of optical setup of the first-order correlation measurement.

Figure 3.12 shows the schematic of optical setup of the first-order correlation
measurement. The He-Ne laser of 633-nm (LGK7665P, LASOS) is used here as a light
source. The signal is detected by spectrameter (Spectrapro 23001, Acton Research
Corporation) equipped with a cooled charged-coupled CCD camera (Spec-10, Acton

Research Corporation). This setup is used for Chapter 6.

3.3.6. Temperature- and polarization-dependent PL. measurements

The temperature- and power-dependent PL spectra of Chapter 6 are obtained
using the setup as shown in Figure 3.13. The sample is put in the cryogen free cryostat
(ST-500, Janis) connected with air cooled compressor (CAN-11, Sumitomo) and
temperature controller (9700, Scientific Instrument). The excitation wavelength of

single mode fiber coupled laser (CivilLaser, 80 mW) is 635 nm, and the objective lens
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(SL x 100, NA=0.55, Mitutoyo) is used here. The PL signals are detected by
spectrameter (Spectrapro 3001, Acton Research Corporation) equipped with a cooled
charged-coupled CCD camera (Spec-10, Acton Research Corporation). The
temperature is controlled by temperature controller from 10 to 300 K. The excitation
power is modulated by rotating the half-wave (A/2) plate. The laser is focused on the
sample surface using a 100x objective lens with a spot size of ~1.5 pm.

640 nm Half Linear
635 nm [aser pang pass wave plate polarizer  Hot mirror

o -

| Linear | E_Ef Linear |

' polarizer " I S polarizer,;
Focus lens

f=50 mm Objective

700 lens

nm
long pass \—/
Sample in
| [N cryostat

Optical fiber

Desktop

Figure 3.13. Schematic of optical setup of temperature-, and polarization dependent PL

measurements

3.3.7. Linearly polarized PL measurements

The linearly polarized PL spectra in Chapter 6 are also measured by the setup in
Figure 3.13. There are two types of measurement configuration: one is to change the
excitation polarization direction by rotating the half-wave (A/2) plate in green dotted

line, and the other is to change the detection polarization direction in red dotted line.
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Chapter 4. Magnetic field induced inter-valley

exciton and trion dynamics in 1L-MoSe>

4.1. Introduction

27,69,85-91] have been

External fields such as electric!® %% and magnetic field!
applied to extensively study valley polarization of 1L-TMDs. The lifting of valley
degeneracy caused by time-reversal symmetry breaking under magnetic field gives a
rise to the splitting of exciton or trion PL peak with 6" and 6~ circularly polarized light,
corresponding to population of exciton or trion at K+ and K- valleys, respectively. The
splitting is named as valley-Zeeman splitting in 1L-TMD, which was discussed in
Section 2.4. The excitonic valley polarization could be dominated by the dynamics as
following: the generation of valley-polarized excitons (trions); intra-and inter-valley
relaxation of excitons (trions). The dynamics of valley polarization in lifting valley
degenerate conditions without magnetic fields have been explored using ultrafast

92961 polarization-resolved PLP7%®), and pump-probe

Faraday and Kerr rotation!
spectroscopy!® 1%, However, dynamics of excitonic valley polarization under
magnetic field have not been studied systematically. In this chapter, 1 will
systematically introduce the dynamics of excitonic valley polarization in 4-BN

encapsulated 1L-MoSe> using polarization- and time-resolved PL spectroscopy under

magnetic field.

4.2. Polarization-resolved PL spectra

Figure 4.1a shows the optical image of encapsulated 1L-MoSe; in #-BNs. The
detail fabrication process was shown in Chapter 3. The 1L-MoSe; is shown in red, and
top and bottom 4#-BN are shown in yellow and purple, respectively. The thickness of
top and bottom layer of #-BN are determined by AFM (Figure 4.1b). Both are 14 nm

as shown in Figure 4.1c, d.
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Figure 4.1. (a) Optical image of encapsulated 1L-MoSe; in 2-BN!'%2], (b) AFM image
of top and bottom layer of #-BN. (c¢) and (d) show height profile and thickness of top
and bottom layer of #2-BN, respectively. Figures in this chapter are taken from Ref.[%2]

which I automatically have the copyright to use as one of authors.

Figure 4.2a shows the polarization-resolved PL spectra of #-BN encapsulated 1L-
MoSe: at 20 K with ¢* circularly polarized excitation under magnetic field from —7 to
7 T. At 0 T, the PL spectrum with 6" and 6~ components are almost identical with well-
separated emissions. The peaks at 1.651 and 1.621 eV are assigned to exciton (X, blue)
and trion (T, red) PL signals, respectively. The well-separated exciton and trion peaks
suggest high quality of sample, allowing to investigate the valley physics for these

excitonic states at low temperaturel! %3, The PL spectra are fitted by the Voight function.
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Figure 4.2. (a) Polarization-resolved PL spectra of #-BN encapusulated1L-MoSe; at 20
K with different magnetic fields from —7 and 7 T. (b) Polarization-resolved PL spectra

of 1L-MoSe: at different temperatures under 7 T.
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The fitting curves well agree with the PL spectra; therefore, the information of
peak intensity and energy position could be obtained accurately. The PL spectra with
o and 6~ components have the same peak energy and intensity at 0 T. As we know, the
PL intensities of 6" and ¢~ correspond to population of X or T at K+ and K- valleys,
respectively, showing no valley polarization of trions and excitons without magnetic

[104

field, as previous report!'’. When magnetic field was applied, it shows the clear

difference between PL spectra with 6 and 6~ component. The energy positions E;g{T)

of X (T) in the 6" spectra shift to a higher energy side, while those of E)‘(’(_T) in the 6~
component shift to an opposite energy side with magnetic field increasing from 0 to 7
T. The energy positions E)‘(’(JrT) and E)‘(’(_T) shift to the opposite side under negative
magnetic field from 0 to -7 T. The valley Zeeman splitting of X (T) are defined as the
difference between E)?;T) and E)‘(’(_T) at different magnetic field. Moreover, the valley

polarization can be indicated by the difference in the PL intensity of X (T) in o and 6~

component.

In Figure 4.2b, the polarization-resolved PL spectra of 1L-MoSe, at various
temperatures (20, 40, 60, and 80 K) under 7 T are shown. The intensity ratio component
of trion and exciton (/1//x) quickly drops with temperature elevated from 20 to 80 K
caused by the dissociation of trion with absorbing phonons to exciton and free
chargel'%]. At 80 K, one can still clearly see the PL intensity difference of both trion
and exciton at 6" and o~ components, which suggests the stable valley polarization

under magnetic field even at relatively high temperature.

4.3. Magnetic field dependent valley polarization

The AET(x) is difference between E%;X) and E}’(_X) which corresponds to the valley

Zeeman splitting of the trion (exciton). The value of valley Zeeman splitting shows
linear increase with magnetic field increasing from -7 to 7 T, as shown in black line in

Figure 4.3a, b. The linear coefficient (slope of the black line) of both trion and exciton
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is 0.21 £ 0.02 meV/T!'%, Figure 4.3¢, d indicate the valley polarization of trion (pr)
and exciton (px) at 20 K, respectively, which was evaluated from the PL spectra with
magnetic field from -7 to 7 T. No valley polarizations of trion (exciton) in 1L-MoSe>
are observed without magnetic field (B = 0 T). The valley polarizations of trion and
exciton gradually increase with applying the positive magnetic field (B > 0 T), while
decreases with applying the negative magnetic field (B <0 T). The trion (Figure 4.3¢)
and exciton (Figure 4.3f) valley polarization at -7 T decrease from 10 to 80 K. The
valley polarization under magnetic fields is characteristic feature in valley physics of

1L-MoSe;, which will be discussed in next subsections.
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Figure 4.3. Valley Zeeman splitting as a function of magnetic field of trion (a) and
exciton (b). Valley polarization pt for trion (c) and (d) at 20 K. Valley polarization of
trion (e) and (f) from 10 to 80 K at -7 T. Both black solid lines in (a) and (b) are linear
fitting line with slope of 0.21 £ 0.02 meV/T. Red curve in (c) is fitted by Eq. (4.8). Red
curve in (d) is fitted by Eq. (4.13).

4.4. PL decay under magnetic field

The wvalley polarization prx) for trion (exciton) in the time-integrated
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measurement is phenomenologically expressed as,

_ _p
Prx) = H(T—'(IJW 4.1)

TE(X)

where po is the initial valley polarization, (t1+)({Tx)) is the mean trion (exciton)
lifetime, and 7,7 (7,%) is the valley relaxation time of trion (exciton) between K+ and
K- valley. The trion (exciton) dynamics determined by the mean lifetime, and valley
relaxation time of trion (exciton) dominates the degree of valley polarization. To
understand the magnetic field dependent valley polarization, the PL decay of trion and

exciton were measured using TCSPC method, which was explained in Chapter 3.

4.4.1. Lifetime of trion

The PL peak of trion is dominant here, therefore I will discuss trion first. The trion
PL decay curves of 6" and 6~ components were measured by TCSPC method at 20 K
under magnetic field of 7 T, as shown in Figure 4.4a. The instrumental response
function (IRF) is plotted in Figure 4.4a as well. The decay curve of 6" and o~
components corresponding to K+ and K- valleys are identical even under strong
magnetic field. The experimentally obtained PL decay curves are fitted according to the

convolution procedure with IRF and double-exponential function, I = A; exp(—t/

7,) + Ayexp (—t/1,)!'>1%] These fitted results are consistent with the experimental

decay curves of trions. The mean trion lifetime is defined as (r1) = (4,7, +
A,1,)/(A; + A,) . The mean trion lifetimes for ¢ and o components are
experimentally obtained as 67 £ 6 and 65 % 6 ps, respectively. We can again confirm
the almost no differences of trion PL decay between 6" and 6~ components (K+ and K-

valleys) under the magnetic field.

Figure 4.4b shows the PL decay curves of the 6* component of the trion peak at
0 and 7 T at 20 K. The PL decay curves show the same profiles shape independent on
magnetic field. Figure 4.4c displays the mean lifetimes of trion with increasing
magnetic field. The mean lifetimes of trion reveal the constant values from 0 to 7 T

taking the error bar into consideration. Figure 4.4d shows PL decay of trion measured
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at 20, 40, and 60 K. The PL decay of trion tends to be shorter because of more efficient
dissociation of trion with higher temperature!'’’). The temperature-dependent mean
trion lifetimes were evaluated by the same convolution procedure in Figure 4.4e, which

indicates the decreases with elevating temperature.
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Figure 4.4. (a) Trion PL decay curves with " and 6~ components at 20 K with magnetic
field of 7 T. (b) PL decay curves of trion under 0 and 7 T at 20 K. (c) Trion mean lifetime
as a function of magnetic field at 20 K. (d) Trion PL decay curves at 20, 40, and 60 K
under 7 T. (e) Temperature dependence of trion mean lifetime at varying temperatures

under 7 T.

4.4.2. Lifetime of exciton
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Figure 4.5. (a) PL decay of excitons with 6 © and 6 ~ components under 7 T at 20 K. (b)

PL decay of excitons with o " component under 0 and 7 T at 20 K.

As similar to the case of trion, the decay curves of exciton of 6" and 6~ components
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are identical even under strong magnetic field, as shown in Figure 4.5a. Moreover, the

PL decay curves of exciton also shows no differences between 0 and 7 T (Figure 4.5b).
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Figure 4.6. (a) PL decay of excitons at 20, 40, and 60 K under 7 T with IRF. (b)

Temperature dependence of the exciton PL dynamics 1% © 2016 APS.

Figure 4.6a shows the temperature dependence of PL decays of excitons. The PL
decay curves are close to IRF because of the limited time resolution of TCSPC method.
These results are consistent with the reported short lifetimes of excitons with less than
10 ps!'%l. The mean exciton lifetime at 10, 10, 20, 30, 40, 60, and 80 K are 1.7, 1.6, 1.8,
1.8, 1.2, and 1.0 ps Figure 4.6b['%3],

4.5. Valley polarization dynamics under magnetic field

4.5.1. Schematic of energy diagram

Valley polarization dynamics of both trion and exciton in 1L-MoSe> under the
magnetic field are revealed based on a phenomenological relaxation model combined
with the rate equation. I use the four-energy level in this model, which include ground

state, exciton, and trion levels at K+ and K— valleys, as displayed in Figure 4.7!''. In

the Figure 4.7, Gg4 k- (gk+k-)) 1s the trion (exciton) generation rate from the initial

state by optical excitation. I assumed that the initial generation of a valley-polarized

trion is formed from a valley-polarized exciton (px)!'%”! at low excitation power
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condition due to the trion formation process from the exciton. No initial valley
polarization of exciton is created by the circularly polarized light because the excitation
photon energy is far above the exciton resonance more than 300 meV. Iy, (Ik_) is the

inter-valley scattering rate of trion from K+ (K-) to K— (K+) valley, and I is the trion

relaxation rate. yx4(k—) is the valley scattering rate between K+ and K- valley, and y

is the exciton relaxation rate.
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Figure 4.7. Schematic of energy diagram for intra- and inter-valley scattering dynamics

of exciton and trion at K+ and K- valleys in 1L-MoSe:.

4.5.2. Valley polarization dynamics of trion

According to the schematic diagram above, the temporal evolutions of trion

population at K+ and K- valleys are described as

dNg4

2 = Oxe Tk Ng— — Ty Ngy — TNy, (4.2)
dNg-
dt = GK— + FK+NK+ - FK—NK— - FNK_, (43)

where Gk, -y 1s the trion generation rate from the exciton state, the other

parameters have been discussed in previous section. Since the initial generation of
valley-polarized trion is created by the valley-polarized exciton, and inter-valley
scattering of trion between K+ and K- is asymmetric (Ix; # [k_), the trion
populations of Nk, (Nx_) at K+ (K-) valley under steady-state conditions are by

solved using Eqs. (4.2) and (4.3) as follows:
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Ng+—Ng- _ px=(1/D)(Tk+~-Tk-)
Ng++Ng-  1+(1/D)(Tg++Tk-)

pr = 4.4)

where py = (Gk4+ — Gk-)/(Gk4+ + Gk_) is the valley polarization of exciton. The
energy degeneracy of K+ and K- valley could be lifted under magnetic field caused by
valley Zeeman effect. Experimentally, I can observe the energy upshift and down shift
of trion and exciton. The energy difference of trion emissions AEt corresponds to valley
Zeeman splitting because the valley scattering between K+ and K— valley is asymmetric
as shown in Figure 4.7, which means Iy, # ['k_. The energy- upshift trion states have
to overcome the energy barrier AEt in inter-valley scattering process. Thus, I

phenomenologically introduced asymmetric inter-valley scattering rates as following:

Now = Fo(nph)' (4.5)

I-‘high = 1-‘0(<nph) + 1)’ (46)
here, Ty is the scattering rate from low to high energy valley, while [ygp

represents the scattering rate from high to low energy valley; (np,) =
1/(exp (AE;+/kgT) — 1) describes the phonon occupation number; AE is the valley
Zeeman splitting of trion; kg is Boltzmann constant, and T is temperature. As a result,

[ can obtain the relationship of the I}y, and Ty;g, as below:

r _AET
Tow _ ,TiepT. (4.7)

Thigh

The trions at K+ and K- valley are located at the upshift and downshift energy

level, respectively, as shown in Figure 4.7 and vice versa. In the Figure 4.7, Tk, ( Tiign)

equals [y, and I'x_ (I}ow) equals [yexp (— ii;) at positive magnetic field (B > 0),
B

where [, is the valley scattering rate without magnetic field. As above discussion, we

can finally modify Eq. (4.7) as follows:

px—(To/T)(1—exp(—AEt(B)/kgT))
1+(To/T)(1+exp(—AEr(B)/kgT))’
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Figure 4.8. Valley polarization of trions as a function of magnetic field at 10 K (a), 30

K (b),40 K (c), 60 K (d), and 80 K (e). The solid lines are fitted curves using Eq. (4.8).

The magnetic field dependence of trion valley polarization at 20 K in Figure 4.3¢
is well-reproduced using Eq. (4.8). The fitting parameters of [, /T is (0.17 £ 0.03).
Since T equals (64 + 6 ps)!, calculated from decay time of trions in the Section 4.3.1,
I, is finally obtained by the value of (376 + 36 ps)!. Moreover, the magnetic field
dependent-valley polarizations of trions at 10, 30, 40, and 60 K are well-fitted as well,
as shown in Figure 4.8. At lowest temperature of 10 K in our experiment, I' at zero

magnetic field is evaluated as 650 + 36 ps.

Figure 4.9 indicates trion inter-valley scattering time of (I, )™ ! from K+ to K—
valley and (Tx_)~! from K- to K+ valley as a function of the magnetic field from 0 to
7 T. The inter-valley scattering time of trions from K— to K+ valley increases with
increasing magnetic field, because the barrier energy (AEt) from K— to K+ increases
from 0 to 7 T, as discussed above. In addition, the difference of (Ix,)~! and (Tx_)"?!
significantly increases with increasing magnetic field due to the symmetry breaking of
K+ and K- valleys. The inter-valley scattering time of trions from K- to K+ valley at

7T at 10 K reaches to ~4 ns.
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Figure 4.9. Inter-valley scattering time of trions as a function of magnetic field at 20

K.

Figure 4.10 shows the calculated temperature dependent valley scattering time of
trions (Ikx_)~? at different magnetic field. The long trion valley scattering time from
K- to K+ (~400 ps) at 0 T quickly reduces from 10 to 60 K. Besides, it has been
observed similarly under high magnetic field also at 3 and 7 T in Figure 4.10. This is
caused by temperature-dependence of phonon-mediated inter-valley scattering!!'!l. The
solid curves are calculated using the following equationl!!!:

T_l

E )
exp(—kgl;,)—l

where 7y(B) is the inter-valley scattering rate at 0 K; 7 is the phonon-mediated

Ik-(B,T) =15%B) + 4.9)

inter-valley scattering rate of trions; and Ey, is the phonon energy. The calculated lines

well reproduced the experimental data at typical magnetic field of 0, 3, and 7 T, using

Ey

n = ~18.5 meV, 7= ~0.1 ps, and 75 = ~550 ps, ~1 ns, ~4 ns, respectively. The
estimated value of Epy, is consistent with the energy of the longitudinal acoustic (LA)

mode (~19 meV). LA phonon plays a critical role in the inter-valley scattering of 1L-
MoSe,!'!>!113], These results successfully explained why inter-valley scattering rate

decreases with increasing temperature.
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Figure 4.10. Inter-valley scattering time of trions from K— to K+ valley as a function

of temperature at 0, 3 and 7 T. The solid lines are fitted by Eq. (4.9).

4.5.3. Valley polarization dynamics of excitons

In this section, the valley polarization of exciton py under magnetic fields will be
discussed similar with that of trions. The experimental result of pyx in the time-
integrated measurement was described in the section 4.3. As different from the trion
forming from excitons, po of excitons is initial valley polarization, is created by the
circularly polarized light. However, po equals zero, because the excitation photon

energy is more than 300 meV above the exciton resonance.

According to the energy level as shown in Figure 4.7 in the Section 4.4.1, the

temporal evolutions of exciton populations of K+ and K— valleys can be expressed as

dng

dt+ = gk+ T VK-TK- — YK+Mk+ — YK+, (4.10)
dng_—

ar . Ix- + YK+ MK+ — YK-Nk- — YNK—, (4.11)

where ng, x—) is the exciton population at K+ (K-) valley; gk k-) is the excited
state of exciton generation rate; Y4 k) 18 the exciton valley scattering rate of two

valley; and y = (tx) ™! is relaxation rate of excitons. The exciton populations of MK 4 (K-)

at K+ (K-) valley are derived using Eqs. (4.10) and (4.11) under steady-state conditions.

The valley polarization of excitons is the difference of exciton populations between K+
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and K- valleys normalized by the total exciton population as follows:

_ M+ —mK- _ Po=(1/¥) (Vk+ —VK-)
ngytng-  1+1/¥) (ke +rr-)’

Px (4.12)

as similar to that of trions, asymmetric exciton scattering rate was assumed as
A . . .
Y- = YoeXxp (— kii) and yg, = Yy, at positive magnetic field, where y, is the valley
B

scattering rate at 0 T, and kg is the Boltzmann constant. The valley polarization of

excitons under magnetic field is finally expressed as below:

po—(Yo/v)(1—exp(—AEx(B)/kgT))

px(B,T) = : (4.13)
1+(vo/v)(1+exp(—AEx(B)/kgT))
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Figure 4.11. Valley polarization of excitons as a function of magnetic field at 10 K (a),
30 K (b), 40 K (c), 60 K (d), and 80 K (e). The solid lines are fitted curves using Eq.
(4.13).

The experimental results of magnetic field-dependent valley polarization of
excitons at 10, 30, 40, 60, and 80 K are shown in Figure 4.11, corresponding to the
calculated results 1/y of 1.7, 1.8, 1.8, 1.2, and1.0 ps "% (Figure 4.6b), respectively,
using Eq. (4.13) and p, = ~ 0. The fitting of magnetic field-dependent valley

polarization of excitons at 20 K are exhibited in Figure 4.3 with 1/y of 1.6 ps!!®l,
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These results reproduced the experimental results well, as shown in Figure 4.11 and

4.3.

Figure 4.12 shows the obtained exciton valley scattering time at 20 K and its
temperature dependence at different magnetic field. The difference between valley
scattering time increases with magnetic field, leading to the larger and larger valley
polarization, which is similar as the behavior of trions. The decrease of valley scattering
time with elevated temperature, is consistent with the previous report!®l, which strongly
supports the validity of this analysis. Moreover, the inter-valley scattering time of trions
at zero magnetic field is evaluated as 650 £ 36 ps at 10 K in previous section, which is
much longer than that of excitons here of a few picoseconds. It also confirmed the initial
generation of valley-polarized trions by the feeding of valley-polarized excitons, while

the valley polarization of excitons is created by the circularly polarized light.
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Figure 4.12. Exciton valley scattering time as a function of (a) magnetic field at 20 K

and (b) temperature at different magnetic field.

4.6. Chapter summary

In this chapter, we studied the valley dynamics of excitonic states (excitons and
trions) in 1L-MoSe; under magnetic field. I observed valley polarization of excitons
and trions due to the external magnetic field. The rate equation combined with three-
level model was used to analyze the experimental results. It is found that the magnetic
field induced valley polarization of excitonic states gives a rise to the asymmetric valley

scattering of emission states between K+ and K- valley because of the lifting of the
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valley degeneracy of two valleys by valley Zeeman effect under external magnetic field.
In addition, the feeding of valley-polarized excitons for forming tirons contributes to a
longer inter-valley scattering time of trion, which reaches to a few nanoseconds than
that of excitons of a few picoseconds at 10 K. This work exhibits novel physical insights
for dynamics of excitonic valley polarization under magnetic field. These new insights
for the dynamics of excitonic valley polarization show the guides toward keeping long-
time and manipulating valley polarization, which is strongly required for future

valleytronics applications.
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Chapter 5. Control of magnetic proximity
effects of 1L.-MoSe: and double-layered
perovskite manganese oxide van der Waals

heterostructure

5.1. Introduction

The Coulomb interaction is enhanced in 1L-TMD, because of the strong
confinement and reduced dielectric screening effect, as introduced in Chapter 2.
Therefore, excitons and charged excitons (trions) have large binding energy!®!!4-117],
The electric-field line between these charges extend outside the atomically thin

materials, leading to the electronic structure of 1L-TMD is sensitive to the

surroundings(*3].

Moreover, the excitons and trions in 1L-TMD shows valley degrees of freedom,
because the electrons and holes comprising the excitons and trions are located at the
energy degenerate K+ and K— valleys, as discussed in Chapter 4. The optically
generated excitons and trions are strongly dependent on the physical properties of
substrate materials caused by the proximity effect!>32%!18 The 1L-TMD on the
insulating ferromagnetic substrates can be good platform to study exchange interactions
between the valley spin-polarized excitonic states of 1L- TMD and ferromagnetic spins
of ferromagnetic substrates via proximity magnetic-exchange effects. Using this
approach, one can manipulate the valley spin polarization and large valley splitting of
excitonic states. However, only ferromagnetic insulators have been used in 1L-TMD to
lift the valley degeneracy. A large variety of other magnetic materials such as

ferromagnetic metals is therefore not applied.

In this chapter, I will introduce a metallic ferromagnetic material of perovskite
manganese oxide, which belongs to strongly correlated electron systems. The

perovskite manganese oxide has been extensively studied as a model system for the

56



double-exchanged interactions of d-orbital electrons in Mn sites through O 2p-
orbitals!!!12%, Moreover, it has exhibited intriguing several physical phenomena such

1221 The ey electrons in this

as colossal magnetoresistancel!?!! and charge ordering!
perovskite Mn oxide trigger the electronic and magnetic phase transition from the
ferromagnetic metal (FM) to the paramagnetic insulator (PI) at Curie temperature (7c)
caused by double exchange interactions!!!®!23], Therefore, the perovskite manganese

oxide, which possesses electronic and magnetic phase transition, are ideal platforms for

building artificial heterostructures together with semiconducting 1L-TMD.

Thus, 1 fabricate 1L-MoSe,, few-layer 4-BN, and double-layered perovskite
(Ruddlesden-Popper  structure)[!2124125] Mn oxide ((Lao.sNdo2)12Sr1sMn207) to
systematically study the interface interactions between the excitonic states (excitons

and trions) and magnetic spins as well as charge carriers.

5.2. Schematic diagram of vdW heterostructure

Figure 5.1 shows the schematic diagram of the vdW heterostructure under applied
magnetic field B in the out-of-plane direction. It is composed of the bottom layer of
double-layered perovskite Mn oxide ((LaosNdo.2)1.2Sr1.sMn207) with T¢ of 80 K, the
interlayer of #-BN with different thicknesses d ranging from 0 to 8 nm, and the top layer
of 1L-MoSe>. The bottom of Figure 5.1 shows the diagram of double-exchange
interactions of d-electrons of the Mn sitest!!%!23126] The transferring integral of
itinerant electrons in the e, orbitals of Mn sites is strongly dependent on the alignment
of localized £, electrons with magnetic moments. In addition, the alignment of
localized £ electrons in ferromagnetic state makes the itinerant e; electrons to hop

through the crystal, inducing the FM to PI phase at Tc in Mn oxidel!?7],
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Figure 5.1. Schematic diagram of the vdW heterostructure consisting of the bottom
layer of Mn oxide, the interlayer of #-BN with different thicknesses d ranging from 0
to 8 nm, and the top layer of 1L-MoSe,. B is the external magnetic field which is applied

in the out-of-plane direction. The bottom is the diagram of double-exchange interaction.

I measure the magnetic field and temperature dependent out-of-plane
magnetization of Mn oxide (Mc) using a superconducting quantum interference device
(SQUID) magnetometer to characterize. Figure 5.2a shows that Mn oxide has no
coercive field at 10 K due to soft-magnetic properties. The Mc rapidly increases with
magnetic field increasing to 1 T and saturates above 1 T. The measured Mc and its
magnetic field dependence shows the similar results with previous report!!?*, Moreover,

Tc is therefore estimated to be around 80 K from the temperature dependence of Mc in

Figure 5.2b.
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Figure 5.2. (a) Out-of-plane magnetization (Mc) of Mn oxide ((LaosNdo.2)1 2Sr1 sMn207)
as a function of the applied magnetic field in this experiment (red) and the previously
reported result (black) at 10 K['231, (b) Temperature dependence of M¢ from 10 to 300

K with an applied magnetic field of 1 T under zero-field cooling condition.
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Figure 5.3a shows a typical optical microscope image of 1L-MoSe»/A-BN/Mn
oxide vdW heterostructure with an 4#-BN thickness (d) of 1.4 nm on a Si0,/Si substrate,
which is denoted as 1L.-MoSe>/A-BN/Mn oxide (d = 1.4 nm). The optical images of all
vdW heterostructures used in chapter are shown in Figure 5.4. The 1L-MoSe;, #-BN,
and Mn oxide are indicated by red, yellow, and black broken curves, respectively.
Moreover, the Mn oxide enables good contact with both thin-layered MoSe; and /#-BN
because the double-layered Mn oxide has an atomically flat surface morphology with a
root-mean-square (RMS) roughness of only 0.2 nm, as shown in Figure 5.3b. This was

confirmed by atomic force microscopy (AFM).

0 200 400 600
Distance (nm)
Figure 5.3. (a) Optical microscope image of the vdW heterostructure (1L-MoSe»/A-
BN/Mn oxide, d = 1.4 nm) with a scale bar of 10 um. The red, yellow, and black broken
curves show boundaries of MoSe>, 2-BN, and Mn oxide, respectively. (b) Surface

roughness of Mn oxide measured by AFM. The scale bar is 200 nm. Figures in this

chapter are taken from Ref.['?%] which I automatically have the right to use as an author.
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Figure 5.4. Optical and atomic force microscope images of vdW heterostructures.
Optical microscope images of 1L-MoSe>/A-BN/Mn oxide with different thicknesses of
h-BN, shown in (a), (d), (g), (j), and (m), respectively. The red, yellow, and black dots
correspond to 1L-MoSe,, #-BN, and Mn oxide, respectively. AFM images at the edge
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of 4-BN on Mn oxide are shown in (b), (¢), (h), (k), and (n), respectively. The thickness
of 41-BN is determined by height difference along the edge (white line), as shown in (c),
(), (1), (1), and (o) and the thicknesses of the respective heterostructures in (a), (d), (g),
(j), and (m), are 1.4, 2.9, 3.8, 4.9 and 8.0 nm. (p) Optical microscope image of MoSe:
on hA-BN and (q) AFM image. (r) The thickness of A-BN is 12 nm. (s) Optical

microscope image of both MoSe; on Mn oxide and on Si0»/Si substrate.

5.3. Temperature dependent PL spectra in vdW structure

5.3.1. Results of temperature dependence of PL spectra

Figure 5.5a presents the contour maps of temperature-dependent PL spectra of a
reference of 1L-MoSe»/A-BN (left) and vdW heterostructure of 1L-MoSe»/Mn oxide
(right), respectively, with the temperature ranging from 10 to 300 K. The PL peaks of
the neutral excitons (X) and trions (T) are clearly observed below 80 KI['2°-131] in both
maps, while the PL intensities of trions drop significantly above 60 K with increasing
temperature!!%]. The PL peaks of excitons in both maps gradually shift to the lower
energy side because of the shrinkage of the band gap of 1L-MoSe», due to thermal
lattice expansions!!'3%133 In contrast, the temperature dependence of exciton PL
intensity (/x) above 7c (80 K) shows a clear difference between the reference and the
vdW heterostructure, where Ix of the reference decreases gradually, while that of the
vdW heterostructure increases with increasing temperature. This clear difference in the
PL behavior suggests that the excitonic properties are strongly affected by the metal-

insulator phase transition of the Mn oxide substrate.

Figure 5.5b shows the PL spectra of the reference sample of MoSe»/A-BN (left)
and 1L-MoSe>/Mn oxide (right) at 10 K. The PL spectra are fitted using multiple-Voigt
functions which is composed of excitons (X, blue), trions (T, orange), and localized
excitons from defect states (L, gray). Their peak energies, spectral integrated intensities,
and homogeneous linewidths can be well obtained. The most striking difference

between the two samples here is the larger spectral weight of trions in the vdW
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heterostructure than that in the reference at 10 K, which will be discussed in detail in

this section.
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Figure 5.5. (a) Contour plots of the temperature-dependent PL spectra of the reference
of MoSe»/h-BN (left) and vdW heterostructure MoSe»/Mn oxide (right) from 10 to 300
K. (b) PL spectra of MoSe»/A-BN (left) and MoSe>/Mn oxide (right) at 10 K.

Figure 5.6a and its inset show the temperature-dependent integrated PL intensity
of excitons (/x) and trions (/1) of MoSe>/Mn oxide and MoSe»/h-BN, respectively. The
normalized /T of both the vdW heterostructure and reference decrease with elevated
temperature. The temperature dependence of normalized /x in the MoSex/h-BN
monotonically decreases, which is consistent with the previously reported result!!?’l, In
contrast, normalized /x of the vdW heterostructure decreases firstly with increasing
temperature from 10 K to the phase transition temperature 7c (80 K) of Mn oxide. This
result is similar to that observed for MoSe»/A#-BN without Mn oxide substrate below 80
K, while it turns up and gradually increases above 80 K. The drastic change in the
exciton PL signal across the phase transition temperature suggests that the exciton
dynamics of MoSe> in vdW heterostructure is sensitively dependent on the metal-

insulator transition of Mn oxide underneath.

The typical temperature dependence of exciton PL intensity of monolayer 2D
semiconductors can be explained by stronger temperature dependence of the radiative
decay rate of 2D excitons (yx o« 1/T), which is in competition with weaker temperature
dependent non-radiative decay ratel>*198:134135]: thig result agrees well with that of
MoSe»/h-BN. The temperature dependence of the radiative decay rate of excitons also

can explain the experimental results of 1L-MoSe> on metallic Mn oxide below its phase
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transition temperature (80 K). In contrast, the significant deviation from the temperature
dependence of the exciton radiative decay rate above 80 K in the vdW heterostructure
is reflected by the change in the dielectric screening of excitons in the range of its
binding energy (a few hundreds of meV) across the metal-insulator transition['*¢l. The
dielectric functions of Mn oxide in the energy range of a few hundreds of meV tend to
sensitively change depending on the elevating temperature, due to the opening of the
charge transfer gap (energy gap) toward the metal-insulator transition!!?°! from lower
to higher temperature above Tc. The reduced screening of excitons on Mn oxide would
increase its radiative decay rate with increasing temperature, which enhances the
exciton PL intensity of the vdW heterostructure. This scenario explains the increasing
exciton PL intensity toward higher temperatures and suggests that the exciton dynamics

of 1L-MoSe: are strongly affected by the phase transition of Mn oxide.
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Figure 5.6. (a) Exciton PL intensity (/x) of the MoSe2/A-BN and MoSe>/Mn oxide as a
function of temperature. Both curves are normalized by the intensity at 10 K. Inset
shows the normalized trion PL intensity (/1) from 10 to 80 K. (b) PL intensity ratio of

trions and excitons (/1//x) from 10 to 80 K.

Figure 5.6b shows the integrated PL intensity ratio of the trion and exciton
components (I1//x) as a function of temperature below 7¢ (80 K) of Mn oxide. /1/Ix in
the vdW heterostructure is significantly larger than that in the reference, when the Mn
oxide is in the metallic state below 80 K, which suggests higher doped carrier density

of MoSe> on Mn oxide than that of the reference MoSe/A-BN[!371,
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5.3.2. Characteristic charge transfer effect in vdW heterostructure

To have a deeper understanding of the above experimental results, I derive the
relationship between the PL intensity ratio of the exciton and trion (/1//x) and the doped
carrier density of MoSe> (n¢). Based on the rate equation analysis within the framework
of the three-level model including the exciton (X), trion (T), and ground state (G) as

shown is Figure 5.7.

ktr l 'ktr,
Yx: ['x l

Figure 5.7. The exciton and trion dynamics within a three-level model consisting of the

exciton (X), trion (T), and ground state (G).

The time evolution of populations of excitons (Nx) and trions (Nt) in the three-

level model can be described as follows!!38!:

dNx

It = G — VXNX — FXNX - ktrNX + kt{,rNT' (51)
dN ’
d_f;r = —'}/TNT —_— FTNT + ktI'NX - ktrNTl (52)

where G is the exciton generation rate, yxcry and Ix(r) are the radiative and

’

nonradiative relaxation rate of the exciton (trion), and k. (k) is the formation rate of
the trion from the exciton (dissociation rate of trion). The numbers of excitons and
trions derived from the steady-state solutions of these equations are expressed as:

_ G-(yr+Ir+ki,)
 (rx+Tx+ke) (yr+Tr+ky ) —ki ke’
_ G Kir

 (rxHATx k) (YT +Ky) — Ky ke

Ny (5.3)

N (5.4)

Assuming a single phonon absorbed and emitted, the formation and dissociation
rates between the exciton and trion states are described as ki = kone(1 + (npp)), and
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k.. = kone(nyy), respectively, where n, is the doped carrier density, k, is the
transition rate between the exciton and trion at low carrier density limit!"*%1411. (n ;) =

1/{exp (AE/kgT) — 1} is the phonon occupation number, where AE is the splitting of
exciton and trion state. The PL intensity of the exciton (Ix) and trion (/1) can be
expressed by the relationship where the PL intensity is proportional to the number of

excitons (trions):
Iy = AyxNx, (5.5)
IT = AyTNT, (56)

where A is the collection efficiency of PL intensity. Consequently, the PL intensity

ratio It/ Ix can be described as

E
Ix  vx (yr+Tr+ky) ¥ m.{exp<£)_1}+1' '
kone kgT

At low temperature (kg7 << AE) and low carrier density region, the radiative

decay rates of excitons and trions are constant.['** Under these conditions, Eq. (5.7)

. K . . . .
can be described as L ~ (V—T) : (—0) ‘Mg X N, suggesting that the intensity ratio of
Ix 155 yr+IT

trions and excitons I1//x 1s proportional to the doped carrier density n.. From this
relation, the higher intensity ratio of the vdW heterostructure compared with that of the
reference (Figure 5.6) can be understood by the higher doped carrier density in the vdW

heterostructure because of the charges transfer from metallic Mn oxide to 1L-MoSe.

5.4. Length scale of charge transfer

5.4.1. Temperature dependent PL spectra of heterostructure with

different #-BN thickness

In this section, I investigate the length scales of the charge transfer in the vdW
heterostructure of MoSe./A-BN/Mn oxide by changing the #-BN thickness, using the

temperature dependent PL spectral measurements.
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Figure 5.8. Temperature dependence of the PL spectra in vdW heterostructures with
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different 4-BN thicknesses (d). Contour plot of the temperature-dependent PL spectra
of 1L-MoSe> on SiO»/Si (a), MoSe> on A-BN (b), 1L-MoSe»/Mn oxide (c), 1L-
MoSe»/h-BN/Mn oxide (d =1.4 nm) (d), 1L-MoSe>/A-BN/Mn oxide (d =3.8 nm) (e),
and 1L-MoSe>/A-BN/Mn oxide (d=8 nm) (f).

Figure 5.8 and 5.9 show contour plot and waterfall plot of temperature
dependence of the PL spectra in vdW heterostructures with different #-BN thicknesses,
respectively. Two well-separated trion and exciton peaks are observed. With elevated
temperature, peak position shifted to the lower energy side due to the temperature-
dependent band gap shift!'#?]. The trion is dominant in vdW heterostructure with Mn
oxide, and component of trion in PL spectra decreased with the thickness of inserted /-

BN spacer increasing.
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Figure 5.9. Temperature dependence of PL spectra of vdW heterostructures with
different #-BN thicknesses. Waterfall plot of the temperature-dependent PL spectra of
1L-MoSe> on Si0»/Si (a), MoSe> on #-BN (b), 1L-MoSe>/Mn oxide (c¢), 1L-MoSe»/A-
BN/Mn oxide (d =1.4 nm) (d), 1L-MoSe>/A-BN/Mn oxide (d =3.8 nm) (e), and 1L-
MoSe»/h-BN/Mn oxide (d=8 nm) (f).
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Figure 5.10. Temperature dependence of trion intensity of vdW heterostructures with
different #-BN thicknesses (d). Temperature dependence of PL intensity of the trion of
1L-MoSe> on Si0»/Si (a), MoSe> on #-BN (b), 1L-MoSe>/Mn oxide (c¢), 1L-MoSe/A-
BN/Mn oxide (d=1.4 nm) (d), 1L-MoSe2/A-BN/Mn oxide with 4-BN thickness (d= 3.8
nm) (e), and 1L-MoSe2/A-BN/Mn oxide (d= 8 nm) (f).
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Figure 5.10 shows the normalized trion PL intensity as a function of temperature
with different 4-BN thickness. The trion PL intensity decreases with increased

temperature in all samples.
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Figure 5.11. Temperature dependence of exciton PL intensity of vdW heterostructures
with different #-BN thicknesses. Temperature dependence of normalized PL intensity
of exciton of 1L-MoSe> on SiO»/Si (a), MoSe> on 4-BN (b), 1L-MoSe»/Mn oxide (c),
1L-MoSe»/h-BN/Mn oxide (d=1.4 nm) (d), 1L-MoSe>/A-BN/Mn oxide (d= 3.8 nm) (e),
and 1L-MoSe>/A-BN/Mn oxide (d=8 nm) (f).

Figure 5.11 presents the temperature dependent exciton PL intensity. In samples
without Mn oxide substrate (Figure 5.11a, b), the exciton PL intensity monotonously
decreases. In contract, the exciton PL intensities of the heterostructures (Figure S.11¢-
e) with thin 4-BN decrease until the Curie temperature (80 K) of Mn oxide and then
increase over 80 K. However, the exciton PL intensity in heterostructure with thick 4-

BN decreases until 300 K due to the dielectric screening effect of Mn oxide blocked by
thick #-BN.
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Figure 5.12. Temperature dependence of trion and exciton intensity ratio of vdW
heterostructures with #-BN thicknesses. Temperature dependence of PL intensity ratio
of the trion and exciton components of MoSe> on Si0,/Si (a), MoSe: on #-BN (b), 1L-
MoSe»/Mn oxide (c), 1L-MoSe./A-BN/Mn oxide (d=1.4 nm) (d), 1L-MoSe»/A-BN/Mn
oxide (d= 3.8 nm) (e), and 1L-MoSe>/A-BN/Mn oxide (d=8 nm) (f).

Figure. 5.12 shows temperature dependence of trion and exciton intensity ratio of
vdW heterostructures with #-BN thicknesses. The 1L-MoSe; (Figure 5.12a, b) without
Mn oxide have a lowest trion and exciton intensity ratio at 10 K. The MoSe, on Mn
oxide (Figure 5.12¢) has a largest trion exciton intensity. With the thickness of spacer
h-BN increasing from 1.4 to 8 nm (Figure5.12d-f), the PL intensity ratio of I1//x
becomes smaller and smaller at 10 K. The physical reason can be explained by the
density of doped carrier, is decreased with increasing thickness of #-BN. As discussed
in Section 5.3.2, the trion and exciton PL intensity ratio is proportional to the doped

carrier density

5.4.2. Estimated doped carrier density from PL intensity ratio

Figure 5.13 shows the derived PL intensity ratio It/Ix as a function of doped

carrier density n.!'%laccording to the relationship between geometric capacitance and
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the back-gate voltage Veate using ne = |Vgate — Vole€o/tsio,,» where Vo= —4 V is the
back-gate voltage at charge neutrality point, €=3.9 is the dielectric constant of silicon
dioxide, &, is the dielectric constant of vacuum, and the tg;o,=270 nm is the thickness
of silicon dioxide. In the low carrier density regime below 2x10'2 cm 2, the PL intensity
ratio linearly changes with increasing the doped carrier densityl!%:!43] in the
consideration of the effect of residual carriers (~6x10!' cm™2), which is consistent with
the analysis of the rate equation model. In this region, the relationship between PL

intensity ratio and doped carrier density of I+/Ix = 1.4x107?n,, is obtained.
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Figure 5.13. The relationship of trion and exciton intensity ratio and carrier density.

The relationship between the PL intensity ratio and doped carrier density for 1L-MoSe;

on Si0,/Si under applied back-gate voltage was derived using the previously reported

datal!03],

5.4.3. Estimation of length scale of charge transfer

As discussed in previous sections (5.4.1 and 5.4.2), the linear relationship of
intensity ratio and doped carrier density with slope of 1.4x107!2 cm? is calculated. Thus,
I can apply this information to evaluate the doped carrier density by charge transfer
from the PL spectra at 10 K in MoSe; and Mn oxide heterostructure with different /-
BN thickness. Figure 5.14 shows normalized PL intensity of heterostructure with

different thickness of #-BN at 10 K.
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Figure 5.14. PL spectra of MoSe»/A-BN/Mn oxide with #-BN thicknesses of 0, 1.4, 2.9,
3.8,4.9,and 8.0 nm at 10 K.

The carrier density in 1L-MoSe>/A-BN/Mn oxide vdW heterostructure with #-BN
thickness of 0, 1.4, 3.8, and 8 nm are estimated as 2.1x10'%, 1.2x10'2, 7.1x10'!, and
6.2x10'"" ¢cm™2 by using I/Ix of 3.0, 1.7, 1.0, and 0.88, respectively, as shown in Figure
5.15. The error bars represent the variation of /1//x depending on the position of samples
(Figure 5.16). The evaluated doped carrier density rapidly decays with increasing
distance between monolayer MoSe; and Mn oxide (thickness of 42-BN), suggesting that
the charge transfer from metallic Mn oxide to 1L-MoSe: via the tunneling barrier of /-
BN with a higher band gap occurring within a few nanometers scale!'*!. The decay
profile of the charge transfer is well represented by an exponential decay with a decay
length of 2.0 nm from ferromagnetic metallic Mn oxide and a constant term from

residual carriers (~6x10"" cm™2, dotted line in Figure 5.15) in 1L-MoSe.
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shows the fitting result with a single exponential function.
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5.5. Magnetic proximity effect

5.5.1. Circularly polarized PL spectra

As I have discussed previously, the Mn oxide has a phase transition from FM to
PM at Tc of 80 K. In this section, I will introduce the magnetic proximity effect of 1L-
MoSe: and ferromagnetic Mn oxide vdW heterostructures. Figures 5.17a—c show
polarization-resolved PL spectra of trion in the reference (1L-MoSex/A-BN), vdW
heterostructure (1L-MoSe>/Mn oxide), and vdW heterostructure (1L-MoSe»/A-BN/Mn
oxide, d = 1.4 nm) under an out-of-plane applied magnetic field of 1 T at 10 K. The PL
spectra of 1L.-MoSe> with 6+ and o— circularly polarized light components excited
under o+ excitation are shown in red and blue, respectively. Enhanced valley
polarization and Zeeman splitting are not observed in 1L-MoSe>/Mn oxide (Figure

5.17b and Figure 5.18) compared with the reference (Figure 5.17a).
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Figure 5.17. (a) Circular polarization-resolved PL spectra for the trion of the reference
(1L-MoSe»/h-BN), (b) vdW heterostructure (1L-MoSe>/Mn oxide), and (c) vdW
heterostructure (1L-MoSe>/A-BN/Mn oxide, d = 1.4 nm) at 10 K under 1 T, where red

and blue dots correspond to 6+ and 6— components, respectively.

However, large valley splitting, and polarization are obtained when a thin 4-BN
layer (d = 1.4 nm) is inserted between MoSe> and Mn oxide, which suggests that a thin
insulating layer, such as 4#-BN, plays an important role in the enhancement of valley
splitting. This behavior could be explained by the simultaneous ferromagnetic and

metallic properties of Mn oxide below 7¢, which is caused by the double-exchange
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1231, The e, electron states of Mn sites are

interactions between Mn** and Mn*" ionsl
strongly hybridized with O 2p states and change from localized to itinerant nature in
the MnOs network!!'?], In the vdW heterostructure (1L-MoSe>»/Mn oxide) below Tc,
metal-induced gap states (MIGS) are formed at the interface between metallic Mn oxide
and MoSel'4147l, The itinerant e, electrons, thus, move to new conductive channels
formed by MIGS, instead of hoping between Mn** and Mn*" sites; this prevents the
formation of the ferromagnetic phase in the Mn oxide. Moreover, the orbital
hybridization at the interface between the Mn oxide and MoSe: disturbs the electronic
states of the MnO3 network, which would cause the loss of magnetization at the surface
of the Mn oxide!'*®), In contrast, for the vdW heterostructure (1L-MoSe>/A-BN/Mn
oxide) comprising an extremely thin 4#-BN that possesses a large band gap, the MIGS
and orbital hybridization are not formed at the interfaces between Mn oxide and 1L-

MoSe: by inserting the 4-BN, leading to the magnetic proximity effect for MoSe!!'4],
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Figure 5.18. Valley splitting of the trion (a) and exciton (b) peak of 1L-MoSe»/Mn
oxide at 10 K, which are linearly fitted. Valley polarization of the trion (c) and exciton
(d) peak of 1L-MoSe>/Mn oxide at 10 K. The error bars of valley splitting come from
the CCD pixel size (about 0.1 meV) and the fitting procedure. The error bars of valley

polarization represent the uncertainties of polarization-resolved measurements.
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Figure 5.19. (a) Valley splitting of the trion in vdW heterostructure (1L-MoSe>/A-
BN/Mn oxide, d = 1.4 nm) at 10 K under different magnetic field conditions. (b) Trion
valley splitting of 1L-MoSe>/A-BN as a function of applied magnetic field at 10 K. The
line is linear fit to the experiment data. (c) Applied magnetic field dependence of trion
valley splitting of vdW heterostructure (1L-MoSe»/A-BN/Mn oxide, d = 1.4 nm). The
blue and red dots show data at 10 and 90 K, where the Mn oxide is ferromagnetic and
paramagnetic state, respectively. The solid green curve shows the out-of-plane
magnetization (Mc) of Mn oxide at 10 K under an applied magnetic field of 0.5 T after
cooling down to zero field. The grey line is linear fit at 90 K. The black line shows the
fitted curve at 10 K, considering the applied magnetic field and the effect of localized
spin in Mn oxide. (d) Magnetic field-dependent valley polarization of the trion in the
reference at 10 K. (e) Magnetic field-dependent valley polarization of the trion in the
vdW heterostructure at 10 and 90 K. The error bars in Figure 5.19e, f come from
uncertainties of determination of peak energy due to the CCD pixel size (about 0.1 meV)
and fitting procedures. The error bars in Figure 5.19g, h represent the uncertainties of

polarization-resolved PL measurements.

Figure 5.19a shows the polarization-resolved PL spectra of the trion of 1L-
MoSe>/h-BN/Mn oxide (d = 1.4 nm) at 10 K under different magnetic fields from 0 to
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5 T. The o+ and 6— components of the PL spectra of the vdW heterostructure have an
identical intensity and spectral shape under a zero-magnetic field%>4l because the net
magnetization of ferromagnetic Mn oxide with soft magnetic properties is zero at 0 T
[123] By increasing the applied magnetic field, the PL spectrum of the 6+ component
shows a higher intensity than that of the 6— component. In addition, the shift of 6+ and
o— PL peaks to lower and higher energy positions for E,, and E,;_, respectively, is

observed, corresponding to the valley splitting of MoSe» under a magnetic field.

Valley splitting of trions in the vdW heterostructure quantifies the Zeeman effect
and magnetic proximity effect!’?8%194150] Figure 5.19b shows the trion valley splitting
of the reference (1L-MoSe2/A-BN) as a function of applied magnetic field. The trion
valley splitting shows a linear increase as a function of the applied magnetic field, and
the coefficient of valley splitting is evaluated as ~0.21 meV/T, which is quantitatively
consistent with the previously reported results for monolayer TMD induced by the

89,1041 Figure 5.19¢ shows the applied

Zeeman effect under external magnetic fields!
magnetic field-dependent valley splitting of trions in the vdW heterostructure (1L-
MoSe»/h-BN/Mn oxide, d = 1.4 nm) at 10 K (blue) below 7c and 90 K (red) above Tc.
The trion valley splitting also linearly increases with the applied magnetic field at 90
K, where the Mn oxide of the vdW heterostructure is in the PM phase. The value of the
linear coefficient of trion valley splitting is evaluated as 0.22 meV/T, and the effective

g-factor can be extracted to be 3.6, both of which are consistent with the values of the

reference (1L-MoSe»/A-BN, Figure 5.19b).

Large and nonlinear trion valley splitting of the vdW heterostructure was
experimentally observed at 10 K in the FM phase of Mn oxide below 7c. The valley
splitting of trions increases rapidly and nonlinearly from 0 to 1 T and gradually
increases above 1 T, suggesting that 1L-MoSe> in the vdW heterostructure experiences
both the effective magnetic field (Berr) due to the magnetic proximity effect from
ferromagnetic Mn oxide and the applied external magnetic field (Bapp). The valley
splitting of trions is described, considering the magnetic proximity effect from Mn

oxide, as follows:
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AE7 = AEqgs + AE,,, = glip(Besr + Bapp), (5.8)

where AEgg and AE,,, are the valley splitting caused by Ber and Bapy,

respectively!'>!l. The experimental result of valley splitting in Figure 5.19¢ can be
reproduced using Eq. (5.8), as shown in the black curve with a maximum effective
magnetic field of ~7.6 T, when the out-of-plane magnetization (Mc, green line in Figure
5. 19¢) in Mn oxide becomes saturated. In addition, the valley splitting of the exciton
is enhanced at 10 K in the vdW heterostructure with a thin #-BN of d = 1.4 nm (Figure
5.20). These results indicate that the large and nonlinear enhancement in the valley
splitting of 1L-MoSe; is induced by the magnetic proximity effect from Mn oxide in

the vdW heterostructure.
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Figure 5.20. (a) Valley splitting of exciton PL peak in 1L-MoSe>/A-BN at 10 K. (b)
Valley splitting of exciton PL peak in 1L-MoSe>/A-BN/Mn oxide (d = 1.4 nm) at 10 and
90 K under applied magnetic field from 0 to 5 T. (c) Valley polarization of exciton PL
peak in reference (1L-MoSe»/A-BN) at 10 K (b) Valley polarization of exciton PL peak
in 1L-MoSe>/h-BN/Mn oxide (d = 1.4 nm) at 10 and 90 K. The error bars of Figure
5.20a come from the CCD pixel size (about 0.1 meV) and the fitting procedure. The
error bars of Figure 5.20b represent the uncertainties of polarization-resolved

measurements.
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Valley splitting in the magnetic field breaks the valley degeneracy, enabling the

control of valley polarization!®’l. Figures 5.19d, e show the magnetic field dependence

of the valley polarization of trions (o) in the reference and vdW heterostructure at 10
K, respectively. The p, of the reference shows a linear increase with the applied

magnetic field. In contrast, the p, of the vdW heterostructure exhibits a nonlinear

behavior, similar to the valley splitting due to the magnetic proximity effect of
ferromagnetic Mn oxide underneath at 10 K. Moreover, a smaller valley polarization of
the vdW heterostructure is observed at 90 K above Tc, as shown in Figure 5.19e, which
is attributed to the disappearance of the magnetic proximity effect from the

paramagnetic phase of Mn oxide.

5.5.2. Length scale of magnetic proximity effect

Figure 5.21 shows the circular polarization-resolved PL spectra of trions in vdW
heterostructures (1L-MoSe2/A-BN/Mn oxide) under an out-of-plane magnetic field of 1
T at 10 K. With increasing the #-BN thickness from 1.4 to 8.0 nm, the valley splitting
and valley polarization of trions are reduced, indicating a weaker magnetic proximity
effect of ferromagnetic Mn oxide. Note that no enhanced valley lifting is observed in
1L-MoSe/Mn oxide (d = 0 nm) (Figure 5.17b and Figure 5.18). By inserting an
extremely thin A4-BN, valley splitting, and polarization become obvious due to the
magnetic proximity effect compared with the reference (1L-MoSe>/A-BN). Importantly,
the anomalous behavior of small valley splitting appears in 1L-MoSe>/Mn oxide
without /#-BN, showing no magnetic proximity effect of ferromagnetic Mn oxide

underneath. The reason for the behavior was explained in the previous section.
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Figure 5.21. Circular polarization-resolved PL spectra for the trion of 1L-MoSe»/A-
BN/Mn oxide with #-BN thicknesses of 0, 1.4, 2.9, 3.8, 4.9, and 8.0 nm under 1 T at 10
K.

Figure 5.22 shows the decay behavior of the magnetic proximity effect arising
from ferromagnetic Mn oxide on 1L-MoSe; at 10 K under 1 T. The left axis is the
effective valley splitting (AE¢¢) due to the magnetic proximity effect, and the right axis
is the effective magnetic field (Befr) calculated using Eq. (5.8). The magnetic proximity
effect in 1L-MoSe» from FM Mn oxide quickly decays with increasing #-BN thickness.
The length scale of a few nanometers cannot be understood by the leakage magnetic
field obeying the Biot-Savart law from FM Mn oxide because the typical size of
ferromagnetic Mn oxide in the vdW heterostructure is a large value of several tens of
micrometers. A decay of a few nanometers in the experimental result suggests a direct
exchange interaction between the ferromagnetic spins of Mn oxide and the excitonic
states in K+ and K— of 1L-MoSe: via the magnetic proximity effect. Experimentally, a

large effective magnetic field reaching over 7 T is obtained in the vdW heterostructure
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with the bilayer #-BN. A larger effective magnetic field of over 15 T is predicted in the
1L-MoSe»/h-BN/Mn oxide using a thinner A-BN monolayer, according to the
extrapolation of experimental results in Figure 5.22 and the ab initio theoretical
calculation.!!32153] These results reveal that the effective magnetic field decays within a
few nanometers due to exchange interactions between 1L-MoSe> and atomically flat

ferromagnetic materials via the magnetic proximity effect.
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Figure 5.22. Effective valley splitting of trion as a function of d. The right axis shows
the effective magnetic field arising from the localized spins of Mn oxide to MoSe». The

solid curve shows the fitting result with a single exponential function.

5.6. Chapter summary

In summary, I have studied the charge transfer and magnetic proximity effect for
excitons and trions in the 1L-MoSex/A-BN/Mn oxide vdW heterostructure. The
discontinuous change in the dielectric screening of excitons is attributed to the metal-
to-insulator transition of Mn oxide. The higher I1//x of the vdW heterostructure than
that of the reference is caused by the charge transfer to 1L-MoSe; from metallic Mn
oxide below Tc. Moreover, large excitonic valley splitting and polarization have been
demonstrated by the ferromagnetic spins of the ferromagnetic-metallic states of Mn
oxide with a bilayer #-BN between semiconducting TMD and ferromagnetic metal,
which provides a new experimental approach to introduce a ferromagnetic metal
substrate, thereby lifting the valley degeneracy of TMD with a strong magnetic

proximity effect. The vdW structures using electronic and magnetic phase transition
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materials demonstrated here can provide new opportunities for the modulation and
controllability of excitonic states via dielectric screening, charge carriers, and magnetic

spins.
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Chapter 6. Magnon coupled intralayer moire
trion in 1L-MoSe; and antiferromagnet

heterostructure

6.1. Introduction

Artificial vdW heterostructures composed of monolayer 2D materials have
attracted much attention, because it provides novel platform for studying both

711541 The vdW heterostructures give new

fundamental physics and device applications!
approaches towards emerging physical properties of interfaces between individual 2D
layers. The vertically stacked 2D materials such as graphene and TMDs with a twisted
angle or lattice mismatch in the artificial vdW heterostructures could lead the formation
of moiré pattern because of the spatially varying atomic registry, which gives rise to
pronounced physical phenomena including strongly-correlated insulator phasel3!-13%]]
superconductivity!'3®) and moiré exciton!3%!57:158] Here, the moiré exciton arising from
a bound electron-hole pair by Coulomb interaction, is confined in the periodic potential
of moiré pattern. Moreover, both intralayer and interlayer excitons formed by layer-
locked and layer-separated bound electrons and holes, respectively, exhibit obvious
moiré signatures in semiconducting bilayer TMDs vdW heterostructures?%-!3%15°1, The
intralayer and interlayer excitons modulated by the moiré potential result in a spatially
organized array of excitons ensemble in the moiré superlattice. The moiré excitons in
moiré superlattice have the potential for quantum simulation of many-body physics and
dense array of coherent quantum emitters, which could be useful for applications in

quantum optics.

Since the discovery of ferromagnetic and antiferromagnetic layered 2D materials,
the intriguing magnetic properties of 2D materials have been considerably interesting
in the research fields of material science. Among 2D layered magnetic materials,
transition metal phosphorous dichalcogenides (TMPX3, TM=Mn, Ni, Fe, Co; X=S, Se)

have been extensively studied as a model system of layered magnetic materials(!%:161],
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For instance, the free exciton coupled by magnon was reported in both MnPS3 bulk!!'6?]

and the heterostructure of semiconducting MoSe; and antiferromagnetic MnPSe;!193],
Moreover, a novel exciton with an ultra-narrow PL peak was found in bulk NiPS;!'¢+
166] ' which arises from many-body states of Zhang-rice singlet and reaches a coherent
state assisted with antiferromagnetic order!!%®l. However, the interaction between the
moiré excitonic states (exciton and trion) and magnetic elementary excitation in the
magnetic materials has yet to be fully studied in experiment. To explore novel quantum
phenomena in moiré superlattices, it is important to prove the moiré excitonic states

(exciton and trion) coupled with magnetic elementary excitation, which will provide

the intriguing properties of moiré excitonic system with magnetic functionalities.

In this chapter, I will introduce the emergence of intralayer trions localized in the
moiré potentials formed by twisted monolayer MoSe; and antiferromagnetic MnPS;

vdW heterostructure.

6.2. Optical image and typical PL spectrum

a

Figure 6.1. (a) Schematic diagram of A-BN encapulated 1L-MoSe/MnPS3; vdW
heterostructure. (b) Optical image of 1L-MoSe>/MnPS; vdW heterostructure with scale
bar of 10 um. The top and bottom 4#-BN are shown in green and yellow dotted line,
respectively. The 1L-MoSe: is highlighted in red, and MnPS; is shown in purple dotted

line. (¢) Structure of MnPSs.

&3



Figure 6.1a shows the schematic diagram of 4-BN encapsulated MoSe,/MnPS3
heterostructure. Figure 6.1b shows the optical image of 1L-MoSe/MnPS3; vdW
heterostructure, where the edges of 1L-MoSe; and MnPS; are highlighted in red and
purple dotted lines, respectively. MnPS3 has been of great interest from its realization
in the antiferromagnetic 2D anisotropic Heisenberg model on a honeycomb lattice as
shown in Figure 6.1¢!'®7]. MnPSs is a layered antiferromagnetic material with Néel

temperature of 7y at about 78 K as suggested in Figure 6.2.
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Figure 6.2. (a) Contour map of temperature dependent Raman shift of MnPSs. (b)
Raman spectra of MnPSj3 at various temperatures. (c) Raman peak position as a function
of temperature. From these results, I can estimate 7n of MnPS3 is around 78 K, which

is consistent with the previous report!!¢7],
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Figure 6.3. (a) Atomic force microscopy (AFM) image of MnPS3 encapsuled with
layers of #-BN. (b) Height profile corresponding to the thickness of MnPS; obtained
along the edge, as indicated by the white line in the image. The thickness of MnPS3 is

determined by about 250 nm.
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The thickness of MnPS3; measured by atomic force microscopy (AFM) was ~250
nm as shown in Figure 6.3. The vdW heterostructures were prepared by poly-
procarbonate (PPC) based viscoelastic dry-transfer techniques!’®). The stacking angle
between individual layers was controlled to be nearly commensurate according to the
cleaved flake and crystal edges!'®]. The zigzag direction of 1L-MoSe; is parallel to that

of honeycomb structure of MnPSs.
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Figure 6.4. PL spectra of 1L-MoSe; and 1L-MoSe/MnPS3; vdW heterostructure,
which are presented in black and red line, respectively. The PL intensity of the
heterostructure shown here is multipled 6 times. The peaks of T* and X* are assigned
as emissons from trion and excitons, respectively. The lower enegy additional peaks is

denoted in the blue dotted box as M.

Figure 6.4 presents the PL spectra of 1L-MoSe>/MnPS; vdW heterostructure (red
line) and 1L-MoSe: (black line) for reference at 10 K under a low excitation power
condition. The PL spectrum of 1L-MoSe> shows well-separated and narrow two
excitonic emissions assigned as neutral free excitons (X) at 1.657 eV and free charged
excitons, free trions (T) at 1.631 eV, which is well consistent with the previous reported
results?t1%% In contrast, the PL spectrum of 1L-MoSe2/MnPSs heterostructure is
strikingly different from 1L-MoSe.. The PL spectrum of 1L-MoSe>/MnPS3
heterostructure has additional fine peaks (M) at lower energy side, besides exciton peak
(X*) at 1.671 eV and trion peak (T*) at 1.643 eV. The large upshift of two PL peaks
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(X* and T*) in the vdW heterostructure with antiferromagnetic MnPS3 is observed,
which suggests that the magnons in an antiferromagnetic material strongly couple with

excitonic states in 1L-MoSe»!'%3l. This behavior will be explained in the next section.

6.3. Magnon-exciton coupled excitonic states
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Figure 6.5. (a) Temperature dependence of PL spectra in 1L-MoSe> (blue) and 1L-
MoSe»/MnPS3 (red), respectively. The dotted curves with makers are guidelines for
peak energy positions for exciton related peaks of 1L-MoSe; and 1L-MoSe>/MnPSs. (b)
Temperature (7) dependent PL peak position of free excitons (X) in 1L-MoSe; (red
dots), excitons (X*) in 1L-MoSe2/MnPS3 heterostructure (red triangles), trions (T) in
1L-MoSe> (green dots), trions (T*) in 1L-MoSe/MnPS; heterostructure (green
triangles), and M; in 1L-MoSe>/MnPS; heterostructure (blue dots) at 10 K. (c¢) Peak
shift of exciton (red square line) and trion related peak (green square line) of 1L-
MoSe2/MnPS3 heterostructure compared with corresponding exciton and trion in 1L-

MoSezat 10 K.
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Figure 6.5a shows the temperature dependence of PL spectra in 1L-MoSe> and
1L-MoSe»/MnPS3; vdW heterostructure. The PL peak of exciton (X) in 1L-MoSe;
shows gradually downshift (light blue dotted line), while that of exciton (X*) in the
vdW heterostructure shows sudden shift below ~90 K with additional gradual downshift
in elevating temperature (red dotted line), which is around Néel temperature of MnPS;
(78 K, Figure 6.3)['®7] . The PL peaks energies of exciton (X) and trion (T) and those
(X* and T*) and lower energy peak (M) are shown as a function of temperature in

Figure 6.5b.

The peak energies of trion (T: blue dots) and exciton (X: black dots) in 1L.-MoSe»
well follow the temperature dependent band gap shifts!'*%1701 as shown in Figure 6.6.
The band gap of 1L-MoSe> as a function of temperature can be described using the

relationship as bellow!'3%):

E(T) = Ey — Sha [coth (52) — 1], (6.1)

2kgT

where E, is the energy positions of exciton (trion) at the lowest temperature limit,
S represents a dimensionless coupling constant, and Aw is an average phonon energy.
Figure 6.6 illustrates temperature dependent peak energy position of X (black dots) and
T (blue dots) in 1L-MoSe;. The black and blue solid curves are fitting results using Eq.
(6.1) for X and T, respectively. From the fitting results, I extract for X(T) with the value
of E,=1.657 (1.630) eV, S= 1.99 (2.55), and Aw= 15 (15) meV, which are consistent
with previous report!! 7%, Thus, the 1L-MoSe> sample is a reliable reference to compare

its PL emission peak position with 1L-MoSe>/MnPS; heterostructure.
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Figure 6.6. Temperature dependent peak energy positions of X (black dots) and T (blue

dots) of 1L-MoSe;.

Both peak energies of trion (T*: green squares) and exciton (X*: red squares) in
vdW heterostructure are clearly upshifted below ~90 K and gradually reach to those (T
and X) in reference of 1L-MoSe;, which is consistent with the previously reported
results!! 7%, The peak energy difference of exciton and trion between 1L-MoSe: and 1L-
MoSe>/MnPS3 vdW heterostructure are plotted in Figure 6.5¢. Peak energy positions
were determined by fitting procedures using Voight functions. The upshifted peak
energy of exciton is about 15 meV and significantly decreases at ~90 K, which is very
close to Néel temperature of 7n (~78 K) in MnPS;. Moreover, the upshifted peak energy
difference tends to be zero at high temperature. The value of peak upshifted energy (15
meV) below 7 is close to magnon energy near the Brillouin zone edge along the
direction of basal plane, which is revealed by neutron scattering measurement of bulk
MnPS;[!7!, In Figure 6.5¢c, the upshift of trion peak is observed as well. The energy
upshifted excitonic states (exciton and trion) suggest the exciton (trion)-magnon
complex with assist of magnon absorption in the 1L-MoSe/MnPS; vdW

heterostructure below antiferromagnetic ordering temperature (7n)!'%3.
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6.4. Confirmations of moiré trion-magnon complex

6.4.1. Moiré superlattice

) Se
. Mo
or
. Mn

Figure 6.7. (a) Top view of 1L-MoSe> and the MnPS3; vdW heterostructure with parallel
configuration. (b) Top view of 1L-MoSe; and the MnPS3 vdW heterostructure with
perpendicular configuration. (c) The top view of heterostructure of parallel
configuration with Mo and Mn atoms. (d) The top view of heterostructure of
perpendicular configuration with Mo and Mn atoms. The Mo atoms of MoSe> and Mn

atoms of MnPS3 play an important role to the formation of moiré patterns.

The moiré superlattice can naturally form due to the lattice mismatch and/or
rational alignment between 1L-MoSe. and MnPS3 in the stacking vdW heterostructure.
The lattice mismatch of monolayer MoSe» (2x2 superlattice) and bulk MnPS3 (Mn2P2Se)
with parallel and perpendicular configuration is 12.5 and 1%, respectively, with
considering the difference of lattice constant (MoSe»:3.32 A, MnP2S6:5.81 A), as
shown schematically in Figure 6.7. The parallel (perpendicular) configuration
means zigzag-edge of MoSe; parallel (perpendicular) to the zigzag-edge of Mn?" with
forming a honeycomb lattice in MnPS3. Figure 6.7a shows the superlattice in parallel

configuration, indicating a clear moir¢ pattern with a period of ~2.3 nm. Figure 6.7b
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shows the superlattice in perpendicular configuration with the same atomic scale to

Figure 6.7a, however, the moiré pattern is no longer observed, because of smaller

lattice mismatch with much larger moiré period.

6.4.2. Temperature dependence of PL spectra
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Figure 6.8. (a) Contour plot of temperature dependent PL in 1L-MoSe>/MnPS3 (Top).
The bottom figure shows the PL spectrum of 1L-MoSe>/MnPS;3 at 10 K under an
excitation power density of 1120 W/cm? from the contour plot. The M, Ma, and M3 are
assigned as intralayer excitons trapped by moiré potentials. T* and X* are trion and

excitons, respectively. (b) PL spectra at various temperatures from 10 to 60 K.

The top of Figure 6.8a shows contour map of temperature-dependence of PL
spectra reveals the origins of additional spectral fine-structures of M in 1L-
MoSe2/MnPS3 vdW heterostructure. The PL spectrum from the line cut of a contour
map at 10 K with spectral fitted results is shown in the bottom of Figure 6.8b. The
spectral fitted results by multiple-Voight functions can well reproduce the
experimentally obtained PL spectrum. The spectral fine structures with peak positions
of 1.631 (My), 1.612 (M2) and 1.602 eV (M3) are well resolved for further analysis.

Figure 6.8b presents the PL spectra from 10 to 60 K from the horizontal line cut of a
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contour map in the top of Figure 6.8a. All PL peaks show the redshift with increasing
temperature owing to the temperature-dependent band gap shift!!#?!, as explained in the

previous subsection.

Figure 6.9 illustrates the temperature dependence of integrated PL intensities of
low energy (Mi, Ma, and M3) and trion state (T*). The PL intensities of low energy
states M rapidly decrease in comparison of that of T* and vanish at temperatures higher
than ~ 60 K. The strong quenching of PL intensities with elevating temperature in the
low energy emissions suggests the thermal disassociation of excitonic bound states

associated with assist of thermal excitation by phonons!!72173],
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Figure 6.9. The integrated PL intensities as a function of temperature. The solid curves

are fitted by Eq. (6.4). The inset shows the fitted parameter of activation energy (E).

The temperature-dependence of integrated intensities with the thermal excitation
process (Arrhenius-type) are used to explain the experimental results, which is derived
from the rate equation as following:

adN

E =G — YraaN — VnraaV, (6.2)

where G is the generation rate of trapped excitons (trions), ¥raq and Vprad
represent decay rate of radiative and non-radiative recombination of trapped excitons
(trions), respectively. The non-radiative recombination could be mainly from trapped
excitons detrapping from the potentials. Therefore, the non-radiative decay rate is
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expressed as:

E
Ynrad = Yo €XP (_ kB_T) ’ (63)

where y, is a rate constant and E is the thermal activation energy, corresponding
the potential depth. Under steady condition of Eq. (6.2), the PL intensity / can be

expressed as:

G

Yo E }’
14X exp(——=
Yrad p( kT

I = I(O)VradN =1(0) { (6.4)

where /(0) is the PL intensity at the lowest temperature limit. The Yo corresponds
Yrad

to the factor (4).

The experimental results are well fitted by Eq. (6.4) as shown in the solid curves
of Figure 6.9. The inset of Figure 6.9 summarizes the obtained values of activation
energies of excitonic bound states from the fitting procedures. T* is assigned as free
excitonic state same as T of 1L-MoSe; by comparing their binding energy and lifetime
as shown in Figure 6.8 and Figure 6.21, respectively. The activation energy of T* is
calculated to be 18.9+1 meV, which is also close to the calculated binding energy of
1L-MoSe: that extracted from the difference between exciton (X) and trion peak (T) in
the PL spectrum in Figure 6.8a. The derived activation energies of M1, M», and M3 are
6.311, 10.742, and 10.4£1 meV, respectively. The error bar here is from fitting process.
The smaller activation energies are consistent with faster quenching of PL intensities
than that of trions with elevating the temperature. The values of activation energies of
lower energy states are comparable to the moiré potential depths of 9-12 meV for

1741751 suggesting

intralayer moiré excitonic states in semiconducting heterostructures!
that these additional peaks are from moiré potential trapped intralayer excitonic states.
Moreover, the derived activation energies of M peaks are almost consistent with the
energy difference between trion states (T*), rather than exciton (X*), suggesting these

M peaks are much more likely to be moir¢ trions.

The inset of Figure 6.9 shows the activation energies of T*, M, M, and M3. The

moiré trapped state at higher energy (M) has a smaller moiré potential confinement
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energy than M> and M3, because M, can be delocalized more easily from the moiré

potentials by thermally assisted process. The pre-factor of 4 in Eq. (6.4) corresponds

to Y& The fitted 4 value of T* (487) shows one-order larger than those of M; (13),

Yrad

M: (33), and M3 (31), which indicates T* has a faster nonradiative recombination
process! '3, while M;, M,, and M3 states are well confined in the minima of moiré
potentials. These are consistent with the results in the previously reported intralayer

23,173

moiré excitons! 1. implying that the additional peaks come from the confined states

by moir¢é potentials.

6.4.3. Power dependence of PL spectra

The excitation power dependence of PL spectroscopy provides an effective
method to further confirm the existence of moiré potential confinement of intralayer
trions in the MoSe2/MnPS3 heterostructure*®!7®l. Figure 6.10a shows the normalized
PL spectra at various power densities at 10 K. The PL spectrum at relatively lower
excitation power density of ~340 W/cm? shows that the intralayer moiré excitonic peaks
(M1, M2, and M3) dominate in the spectrum, however, trion (T*) and exciton (X*) peaks
gradually gain the weight in the spectrum, as the power density increased from 1.1 to

16 kW/cm? as shown in Figure 6.11.

1.0F 336
W/cm2

Normailzed intensity

0 1 1 1 1 1 1
1.561.621.68 1.561.621.68 1.56 1.621.68

Energy (eV)

Figure 6.10. (a) Normalized PL spectra at various excitation power densities.
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Figure 6.11. PL spectra under various excitation power densities at 10 K.

Figure 6.12 shows integrated PL intensities of M, M2, and M3 as a function of
excitation power density. The inset shows the power density dependent integrated PL
intensities of T* and X*. The saturation of PL intensities of M1, M», and M3 indicates
that the number density of excitonic states confined in the moiré potential are

quantitatively estimated from the photoexcited electron-hole pair density as follow:

The excited exciton density is calculated using the following equation!!'””];

dN N N
— =g — - . 6.5
dt Tnrad Trad ( )
_ (-RyadpP 66)
Ephoton ’ ’

where N is the excited density, g is the generation rate of exciton, T, ,q and Ty,q
represent non-radiative and radiative lifetime, respectively, R is the reflectivity of

0.051'8] @ = ~4 x 10%cm™! is absorption coefficient!®], d is the thickness of 1L-

MoSe; with a value of 0.7 nm, P is the excitation power density, Eppoton 18 the photon

energy that equals 1.94 eV.
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Figure 6.12. Integrated PL intensities of M, M2, and M3 as a function of excitation
power density. The inset shows the power density dependent integrated PL intensities

of T* and X*.

I can obtain the exciton density N using Eq. (6.5) and Eq. (6.6) under steady state

condition as following:

1 1 (_ 1-R)adP
N = (—— + 1)1 x {oRedP 6.7)
Tnrad Trad Ephoton
The term of —— + —— can be measured experimentally from decay time Tgecay»

Tnrad Trad

which is defined as —— = —— + —

Tdecay Tnrad  Trad

. The decay time is evaluated as 130 ps from

time-resolved PL measurements, which will be discussed later. The exciton density was
estimated to be ~1.1x10"" cm?, when PL intensities of moiré excitons tend to be

saturated under a power density of ~10* W/cm™.

The saturation of the PL intensities indicates that the density of the excitonic states
confined in the moiré potential can be quantitatively estimated as ~1.1 x 10" cm™2 from
the photoexcited electron—hole pair density, which is two orders of magnitude smaller
than the density of the calculated moiré potential with a period of 2.3 nm (2.0 x 10
cm?). This result also strongly suggests that these excitonic states with low-energy
emissions (M: M1, Ma, and M3) come from the intralayer moiré trions rather than moiré

excitons. Moreover, these magnon coupled excitonic states would be localized to form
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the moiré trion-magnon complex, as depicted in Figure 6.13.

Figure 6.13. [llustration of intralayer trion trapped in moiré potentials, which is coupled

with magnon in antiferromagnetic MnPS3 (moiré trion-magnon complex).

6.4.4. Linearly polarized PL spectra

The polarization dependence of PL spectroscopy was performed to investigate the
symmetry of moiré trion-magnon complex. I will discuss the results of polarization

dependence of PL spectroscopy measurements in this section.
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Figure 6.14 (a) Contour map of PL spectra at 10 K in 1L-MoSe»/MnPS3, as a function
of detection angle via rotating the linear polarizer. (b) Typical PL spectra with various

rotation angle of linear polarizer at detection side.

Figure 6.14a shows the contour map of PL spectra as a function of detection angle
via rotating the linear polarizer. The PL spectra with different detection angles do not

show significant differences (Figure 6.14b). Figure 6.15a-c show the polar plot of PL

96



intensity of M1, Mz and T* as a function of detection angle, respectively. The polar plot
shows almost isotropic circular pattern. The degree of linear polarization (PL) is defined
as Pr=(Imax—Imin)/(Imax-+Imin), Where Imax (Imin) 1s the maximum (minimum) PL emission
intensity. The calculated value of Pr. shows small values of 18, 15, and 14% in M;, M>

and T*, respectively.

270

Figure 6.15 Polar plot of normalized PL intensity of M1 (a), M2 (b), and T* (c) at 10

K with various rotation angle of linear polarizer at detection side.

Figure 6.16a shows the PL spectra with various rotation angle of linear polarizer
at excitation side. The PL spectra with different excitation angles do not show
significant differences as well. The degree of linear polarizations of T*, M1, and M> are

10, 16, and 12%, respectively.

Compared with other strained heterostructures with higher linear polarization
value reaching up to 89%!'7, these small linear polarizations (Figure 6.15 and 6.16)
are unlikely caused by strain, which suggests that intralayer moiré trion-magnon
complex in 1L-MoSe2/MnPS3 vdW heterostructure well keeps the characteristic of C3

symmetry.
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Figure 6.16. (a) PL spectra with various rotation angle of linear polarizer at excitation
side. Polar plot of PL intensity at 10 K of T*. (b), M (c) and M2 (d), as a function of

detection angle of linear polarizers.

6.4.5. DFT analysis

I will introduce the results of density functional theory (DFT) by Prof. Okada in
Tsukuba University to calculate the moiré potential depths of commensurate stacking
of 1L-MoSe2/MnPS3 vdW heterostructure without considering the magnetic spin
structure of MnPS;. DFTU8CI8I calculations are conducted using the STATE
packagel!82181 For the exchange-correlation potential energy among interacting
electrons, the generalized gradient approximation was used with the functional forms
of Perdew-Burke-Ernzerhof!!84l, The dispersive interaction between MoSe; and MnPS3
layers was treated by vdW-DF2 with the C09 exchange-correlation functionall!83:186],
An ultrasoft pseudopotential was used to describe electron-ion interactions! 871, A plane-
wave basis set with the cutoff energies of 36 and 324 Ry was adopted to expand the
valence wave functions and deficit charge density, respectively. Self-consistent
electronic structure calculations were conducted with 2x2x1 k-meshes. Structural

optimization was performed until the remaining forces on each atom were less than 5
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Figure 6.17. (a) Top and side view of atomic structure of MoSe»/MnPS3; vdW
heterostructure. (b) Projected density of states (PDOS) of MoSe>/MnPS; vdW
heterostructure. (c) Contour map of PDOS of conduction band edge (top) and valence
band edge (bottom), where the x axis indicates the positions of Mo atoms. (d) Spatial

map of electrostatic potential at atom of Mo.

Figure 6.17a shows the schematic of top and side view of atomic structure of 1L-
MoSe; (7x7)/1L-MnPS3 (4x4) stacking with the distance between bilayers of 0.34 nm.
The number of 1 to 7 in the figure indicates the position of Mo atom. Figure 6.17b
shows the projected density of states (PDOS) on Mo atoms of vdW heterostructure. To
clarify the relationship of electronic and geometric structure, the contour map of PDOS
near conduction band edge and valence band edges of Mo atoms are plotted in Figure
6.17c. I clearly observe that the conduction band edges are spatially modulated in a
moiré supercell along the zigzag direction of MoSe: layer, while the valence edge
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presents almost identical along one moiré period. The calculated result clearly suggests
that the modulation of lowest band gap in 1L-MoSe; on MnPS;. Moreover, the
electrostatic potential at Mo atom is spatially modulated by the MnPS3 (Figure 6.17d),

which are also consistent with the modulation of band gap in a moiré supercell.

The periodical spatial modulations of electrostatic potentials within a moiré period
are clearly observed in the PDOS. Moreover, the calculated potential depth is estimated
as 10-20 meV, which also affects the potential modulation for excitonic states. As
discussed above, both experimental and theoretical results strongly suggest that these

additional peaks are arising from intralayer exitonic states localized in moiré potentials.

6.4.6. Circularly polarized PL spectra under magnetic field

The polarization of excitation light using He-Ne laser (1.96 eV) was controlled by
a quarter-wave (A/4) plate, and 6" and 6~ components of polarization dependent PL
spectra were detected. The magnetic field from —7 to 7 T was applied perpendicular to
samples. Figure 6.18a shows circularly polarized PL spectra at various magnetic fields
(-7, 0, and 7 T) at 10 K. The PL spectra are resolved with ¢ and ¢~ components,
corresponding to the signals from K+ and K- valley, respectively. The spectra shown
here are different from the one in Figure 6.4 due to spatial inhomogeneity of vdW
heterostructure (Figure 6.19). The spatial inhomogeneity is also observed in previously

reported results in TMD bilayer heterostructures(*%-138,

The 6" and 6~ components of T* are almost identical without magnetic field in 1L-
MoSex/MnPS3 vdW heterostructure, which is consistent with the previously reported
results in 1L-MoSex!%%192.128] ' while intralayer moiré excitons show slightly difference
between PL intensity of 6" and 6~ components. The degree of valley polarization of T*
and M under 0 T were calculated to be 2 and 11%, respectively. Figure 6.18b shows
magnetic field dependent Zeeman splitting (AE) of T* and M, where the Zeeman
splitting is defined as the peak energy difference of 6" and 6~ components. Both the
Zeeman splitting (AE) in T* and M, present a linear change with increasing the

magnetic field from -7 to 7 T, as shown in the solid line in Figure 6.18b. The slope of
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the Zeeman splitting in T* is estimated to be 0.28+0.01 meV/T, which is consistent with
that of T in 1L-MoSe»®1. Noted that that the slope of Zeeman splitting in M; (0.24+0.01
meV/T) shows the similar value in T*. Thus, the calculated g factor of T* and M, are
evaluated as to be 4.8 and 4.1, respectively. The g factor is given by the relationship as

AE = gug, where ug is the Bohr magneton.
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Figure 6.18. (a) PL spectrum of o- component in 1L-MoSe/MnPS; vdW
heterostructure at -7, 0, and 7 T. (b) Valley polarization of T* and M; as a function of
magnetic field from -7 to 7 T. (c) Magnetic field dependent Zeeman splitting of T* and

M;.

I further plot the valley polarization of T* and M as a function of magnetic field
from -7 to 7 T in Figure 6.18c. The valley polarizations of T* and M show a linear
increase and almost identical with a linear change as a function of magnetic fields. The
g factor and valley polarization of intralayer moiré trion-magnon complex are contrast
to interlayer moiré excitons (trions), which can be caused by the well-kept rotational

symmetry Cs of transitions in the intralayer excitons (trions)!?3],
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Figure 6.19. PL spectra measured at 5 different positions in the same 1L-MoSe2/MnPS3

vdW heterostructure at 10 K.

6.5. Dynamics of moiré trion-magnon complex; Lifetime and
coherence time

I determined the lifetimes of intralayer moiré trion-magnon complex using time-
resolved PL spectroscopy with the combination of TCSPC and Michelson
interferometric technique under a pulsed supercontinuum laser light in this section.
Figure 6.20a shows the time-resolved PL spectral map of 1L-MoSe»/MnPS3; vdW
heterostructure as a function of photon energy and time under a low excitation power
condition. The PL signals at around 1.666, 1.643, and 1.664 eV are assigned as

emissions from X*, T* and M, respectively, according to Figure 6.20b.
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Figure 6.20. (a) Transient PL intensity map of 1L-MoSe>/MnPS; vdW heterostructure
as a function of emission energy (x axis) and decay time (y axis) at 5 K at excitation
power density of 1680 W/cm? in the linear power condition. (b) Normalized PL
intensity obtained from Figure 6.20a by integrating the map along the horizontal

direction, in which the energy resolution is 0.6 meV.

Figure 6.21a displays the PL decays of moiré trion-magnon complex (M),
extracted along the vertical direction at the peak position of M from Figure 6.20a. The
instrumental response function (IRF) is also shown in the figure. The solid blue curve

is fitted results of M, using the convolution procedure with IRF and double-exponential
function as I = A; exp(—t/7;) + Azexp (—t/1,) 1019 where A;,) and 7y, are

coefficients and decay times, respectively. The fitted results are well consistent with the
experimental PL decay curves. The mean lifetime can be estimated as () = (4,7, +
A,75)/(A; + A,). The decay times of X* and T* were ~15 ps and ~ 70 ps (Figure
6.21b, c), respectively. These lifetimes are similar to previously reported results in 1L-
MoSe>!!'%7], In contrast, the mean lifetime of moiré trion-magnon complex (M) of ~ 130
ps is much longer than those of exciton (X*) and trion (T*). The defects bound exitonic
states are also excluded because they have much longer lifetime reaching up to 200 ns
as reported in 1L-WSe!!88]. Therefore, it also proves that these states with lifetime of
~100 ps derive from intralayer excitonic states that tapped by moiré potentials rather

than defects.
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Figure 6.21. Normalized PL decay profiles of (a) M1, (b) X*, and (¢) T* as a function
of decay time, extracted from PL intensity map. The instrumental response function

(IRF) is also shown in the grey or black curve.

The further information of excitonic coherence provides more important evidence
to distinguish free and moiré trapped excitonic statesB3%!158189190]  The coherent
correlation spectroscopy with a Michelson interferometer is applied to record the first
order correlation function g(¥ (1), as previously demonstrated in quantum dots and
carbon nanotubel!°192] Figure 6.22a shows the interferogram of PL intensity
monitored at emission of M; at 5 K under a low excitation power density of 560 W/cm?.
The fringes with very high value of visibilities of M reach up to 99% and envelop of

fringes is clearly observed.
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Figure 6.22. (a) Temporal interferogram of M; at 5 K under 560 W/cm?. (b) Visibility

of M. The solid curves are given by the product of exponential and Gaussian function.

Figure 6.22b shows fringe visibilities /(t) of M (red dots) as a function of delay
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time (7) evaluated from Figure 6.22a. The V(7) was estimated using the relationship as
V(T) = (Imax(T) - Imin (T))/(Imax(f) + Imin (T))’ where Imax(T) and Imin (T) are the
maxima and minima of fringes at various delay times. The decay curve of fringe

visibilities for M1 is well fitted with a product of an exponential and a Gaussian function

as f(1) = e B17e=B2"T a5 shown in green solid curve in Figure 6.22d'%]. The

Lorentzian and Gaussian components in a spectral full width at half maximum

(FWHM), corresponding to homogeneous and inhomogeneous spectral broadening are

therefore described as 2AB; and 4hvVIn2B,, where h is the Plank constant divided by

2n. The fitting parameters of By and B> for M, are 0.4 and 0.83 ps’!, respectively. The

fitting parameters of By and B, for are T* are 1.44 and 1.2 ps’!, respectively.

I could estimate the coherence time 7> of M as 2.5 ps. 7> of T* was also estimated
to be 0.69 ps (Figure 6.23a, b), which is consistent with the previous result!'*3!. The
experimentally obtained 77 from PL decay curve is much longer than 7>. The pure
dephasing time 7>" of moiré trion-magnon complex (M) is evaluated as ~2.5 ps using

Eq. (3.1), which is about threefold longer than that of trion (T%*).

The longer pure dephasing time (narrower homogeneous linewidth) of moiré-
trion-magnon complex caused by the confinement in moiré potentials, are less prone to
scattering of phonons. These results in the time-domain are also consistent with the PL
spectral analysis using multiple-Voigt functions. The fitting linewidths of Gaussian and
Lorentzian components of T* (Mi) are 7.9 (7.4) and 5.2 (1.3) meV, respectively.
Spectral linewidths of M peaks from moiré-trion-magnon complex are much sharper

than those of trion coupled with a magnon (T%).
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Figure 6.23. (a) Temporal interferogram of T* at 5 K under 560 W/cm?. (b) Calculated
visibility of T* under 560 W/cm?. The solid curves are given by the product of an
exponential and a Gaussian function. (¢) PL spectrum at 5 K under the excitation power

density of 560 W/cm?. The blue curve is a spectral fitting results by multiple-Voight

functions.

Moreover, the coherence time of both M and T* is shorter under higher excitation
power condition, which is less than saturation power density, as shown in Figure 6.24.
The obtained parameters of B; and B, for are T*(M;) are 2.9 (0.5) and 1.2 (1.1) ps™.
The coherence time of T* and M; are 0.34 and 2 ps, respectively. This behavior obeys

the homogeneous broadening under higher excitation power condition.
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Figure 6.24. (a) Temporal interferogram of M; (blue line) and T* (green line) at 5 K
under 2.8 kW/cm?. (b) Calculated visibility of M, (yellow dots) and T* (green dots)
from the interferograms under 2.8 kW/cm?. The solid curves are given by the product

of an exponential and a Gaussian function.
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6.6. Chapter summary

I have demonstrated the emergence of intralayer trions localized in the moiré
potentials formed by twisted monolayer MoSe> and antiferromagnetic MnPS; vdW
heterostructure in this work. I carefully investigated the low-temperature PL spectra of
MoSex/MnPS3; vdW heterostructure with additional fine spectral structures at low
energy side of coupled magnon-trion peaks under Néel temperature. The fine spectral
structures with longer lifetime and coherence time are assigned as localized intralayer
magnon-trion complex in the moiré potentials (moiré magnon-trion complex), which
makes the moiré excitons different from those frequently observed in bilayer
semiconducting TMD heterostructure, implying the appearance of magnetic moiré
excitonic states. I thus foresee that novel vdW heterostructure with combination of
monolayer semiconductor TMD and antiferromagnetic TMPX3 emerges the magnetic
moiré excitonic states. The precise energies and light emission intensities of these
magentic moiré-excitonic states can be tuned and controlled by applying external
magnetic fields. Therefore, these states also provide a good platform toward for future

application of quantum emitters with magnetic functionalities.
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Chapter 7. Conclusion and outlook

In this thesis, I have studied the novel optical properties of excitonic states
(excitons, and trions) in 1L-TMDs and magnetic artificial vdW heterostructures using
advanced optical spectroscopy. In this chapter, I will summarize the obtained main

results and discuss the outlook based on this study.

In Chapter 4, 1 systematically studied the dynamics of excitonic valley
polarization 1L-MoSe; encapsulated by /#-BN, using polarization- and time-resolved
PL spectroscopy. I found that the excitonic valley polarization under magnetic field is
caused by the asymmetry of valley scattering of excitons and trions between K+ and
K- valley. Moreover, extremely long trions inter-valley relaxation time up to few
nanoseconds was obtained at 10 K under 7 T. These results indicate new physical
understandings for valley polarization dynamics of excitonic states under magnetic
field and provide guidance towards long-time keeping and easy controlling of valley

polarization.

In Chapter 5, I designed a novel interface between 1L-MoSe, and a strongly
correlated electron system of double-layered perovskite Mn oxide inserting multiple
layers A-BN spacer (1L-MoSe>/A-BN/Mn oxide vdW heterostructure), where the Mn
oxide shows the phase transition from paramagnetic insulator to ferromagnetic metal at
80 K via the double-exchange interaction. A phase transition material is introduced into
a van der Waals heterostructure for the first time. I observed the drastic and
discontinuous change of the temperature dependent PL spectra of excitons, caused by
the dielectric screening effect and efficient charge transfer below phase transition
temperature. In addition, the nonlinear and enhanced valley splitting and polarization
of 1L-MoSe, on the ferromagnetic-metal with A-BN spacer have been revealed in
comparison with those in 1L-MoSe;. Experimentally, a large effective magnetic field
reaching over 7 T is obtained in the vdW heterostructure with the bilayer #-BN. A larger
effective magnetic field of over 15 T is predicted in the 1L-MoSe>/A-BN/Mn oxide

using a thinner #-BN monolayer. Noted that it is the first time to lift the valley
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degeneracy via magnetic proximity effect by a ferromagnetic metal. With inserting thin
layer spacer, other ferromagnetic metal choice like Ni and Co might be used for lifting
valley degeneracy. Moreover, | revealed the characteristic length scale of a few
nanometers in the magnetic proximity effect and charge transfer. This study would
inspire new strategies to modulate excitonic states using dielectric screening, charge

carriers, and magnetic spins of 1L-TMDs by introducing novel substrate underneath.

In Chapter 6, | have demonstrated a moir¢ excitonic system interacting with the
magnetic elementary excitation of an antiferromagnetic order in a vdW heterostructure
of 1L-MoSe>/MnPS;. 1 found that the fine spectral peaks in the low-temperature PL
spectra on the low-energy side of the exciton and trion peaks below Néel temperature.
Both experimental and theoretical results suggest that these fine spectral peaks come
from intralayer trion—magnon complexes trapped in the moiré potentials (moiré trion—
magn on complexes). Moreover, these moiré trion—-magnon complexes well keep the
C; symmetry with long lifetime and coherence time at cryogenic temperature. The
coherence time of moiré trion-magnon complexes is much longer than that of
conventional excitons and trions in 1L-TMDs. An additional prospective experiment is
the investigation of the impact of charging effects on magnon coupled moiré¢ complex
because carrier number trapped in moiré potential can be modulated by electronic
doping. The discovery of novel magnon coupled moiré trion complex is beneficial for
the applications of quantum states and paves a new way for the exploration of novel

quantum phenomena in moiré excitonic systems with magnetic functionalities.

The investigations of optical properties of semiconducting monolayer TMD and
its magnetic vdW heterostructures studied here could be significant for fundamental
understanding exciton and valley physics. However, it is still challenging to turn these
fundamental studies into viable technologies for spin- and valley-tronics. One of
challenges is to realize large valley polarization with long time keeping at room
temperature. This thesis reveals one way that is using magnetic proximity effect to lift
valley degeneracy even without applying any-external magnetic fields, which is very

significant to reduce the energy consumption, because the additional is needed for
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generation of higher magnetic field using superconducting magnet and permanent
magnet. Moreover, the discovery of novel quasi-particles (magnon-coupled moiré trion)
with long lifetime in heterostructures enables to use the switching and control of
quantum light emission in future application. Another task is that almost systems
studied here are fabricated by mechanically exfoliated and then assembled using
transfer method. This also limits the actual and industrial application because of
requirement of large-scale devices. The improvements of fabrication and assembly in

terms of quality and large-scale are expected in the future.

Noted that the discovery of a new material, quasi-particle, and physical
phenomenon will enable new products and technologies. I strongly hope that this study
on novel optical physics of excitonic states in unprecedented material systems could

pave the way to the potential applications for the future.
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