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Abstract
Imaging Interacting Electrons in van der Waals Moiré Heterostructures
by
Hongyuan Li
Doctor of Philosophy in Applied Science and Technology
University of California, Berkeley

Professor Feng Wang, Chair

The discovery of two-dimensional (2D) van der Waals heterostructure provided a
highly tunable material platform with multiple knobs and hence extremely large phase
space to study novel quantum phenomena. Particularly, the emergence of moiré
heterostructures, formed by stacking two slightly mismatched atomic lattices, opened a
new world to explore 2D interacting electrons owing to their new length and energy scale
compared with conventional systems. On the one hand, the electron correlation effect in
moiré heterostructure is greatly enhanced, leading to the emergence of a variety of
correlated ground states such as correlated insulator, electron crystal, and unconventional
superconductivity. On the other hand, the moir¢ potential also significantly impacts the
excited states of interacting electrons such as generating novel excitonic states.
Signatures of these novel quantum phenomena of moiré interacting electrons have been
observed through mesoscopic measurements such as electrical transport and optical
spectroscopy. However, their microscopic natures, such as local interaction strength and
charge spatial distribution, remain mostly underexplored for lack of an effective probe
tool.

My PhD mainly has focused on exploring the interacting electrons in 2D moiré
heterostructures through developing a series of novel imaging techniques based on
scanning tunneling microscopy (STM). In this thesis I will discuss my efforts in the last
five years in four parts.

The first part briefly introduces the background knowledge used in the thesis. I will
first discuss the material platform studied here: from 2D van der Waals materials to moiré¢
heterostructure. Next, I will introduce a classic lattice model for correlated electrons: the
Fermi-Hubbard model. Finally, I will talk about the main experimental instrument used
here: STM and its various applications.

The second part explores the fundamental atomic and electronic structures in moiré
heterostructure that consists of two works. The first one studies the atomic and single-
particle electronic structures of a moiré heterostructure microscopically. The moiré
superlattice and electronic minibands in a WS2/WSe2 moiré heterostructure are imaged
with STM and STS. A three-dimensional atomic reconstruction was found to be present
in the moiré heterostructure and responsible for the moiré potential. The second work
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studies the electron Coulomb interactions in this moiré¢ superlattice. Using STM tip as
local gate, we can control the cascade discharge of nearby moiré electrons, through which
the nearest-neighbor Coulomb interaction can be experimentally measured.

The third part describes our efforts on imaging an exotic correlated ground state of
interacting moir¢ electrons, generlazied Wigner crystal, through developing a novel non-
invasive microscopic thermodynamic probe tool. We innovatively employed a non-
invasive graphene-sensing-layer assisted STM probe method, and for the first time saw
the images of electron crystals after its prediction about 90 years ago. We further
developed this imaging technique and demonstrated it to be a local thermodynamic
measurement of correlated electrons. Through controlling the STM tip bias, we can
locally excite an electron or hole quasiparticle and measure the local thermodynamic
gaps. This technique is the so far one of the thermodynamic probes with the highest
spatial resolution (~nm).

The last part studies the microscopic nature for photoexcited states of interacting
electrons in TMD moiré superlattice. Through combing laser excitation with STM we
realized the probe of transient photoexcited states. With this technique we directly
imaged the internal electron and hole distributions within a new type of charge-transfer
moiré excitons.



To my parents,
Xiaoyin Li and Yun Xia



Table of contents

F N 013 2T OO PO PSPPSR 1
o) (oS T 1S 1 OSSP i
LISt OF fIGUIES «..veeiiiieiie ettt et e s e e sbe e s bt e e sab e e sabeesbaeesabeesabeesabaesnnneesaseesn iv
LISt OF tADIES ..eeteetietee ettt st st st ettt b e be e sreesheesaee e vi
ACKNOWIEAGIMENTS ...ttt sb e bt e sbe e st st et e et e et e e nbeesbeesbeesneesaeas vii
I INETOUCHION .ttt ettt et e s bt e s bt e sbe e s bt e sae e eat e et e eateebeebeesbeesbeenais 1
1.1 2D van der Waals MOIré SUPerlattiCes .......ceveririerierierierienieniesiesie et 1
1.2 Interacting electrons: Hubbard Model..........cccovciiiiiiiniiiiniiiiieiec e 6
1.3 Scanning Tunneling Microscopy and SPECtrOSCOPY.....eerveerreereeriereereeneereeseeseeeneenns 11
1.4 OULlINE Of This TRESIS .e.uveeitiiriiiiieiie ettt sttt et be e 13
2 Imaging moiré flat bands in 3D reconstructed WSex/WS; superlattices .........oceevververeennenne. 15
2.1 Introduction and Background...........ccccevieieiininieienieieeneeeeeee e 15
2.2 Gate Tunable TMD Device for STM Study .....ccoevviiriiiriiiiniiiiieeniec e 16
2.3 Atomic Structure: Three-dimensional Moiré Reconstruction .........cccceceeeveereeneernene 18
2.4  Electronic Structure: Spatially localized Moiré Flat Bands .........cccceeveverenccncreennn 20
2.5 Origin of Moiré Potential ..........cccoveevieiinieiiiiineeieseneeeseee et 25
2.6 Summary and OULIOOK........cccueiriiiiiiiiiierie et 28

3 Imaging local discharge cascades for correlated electrons in WS2/WSe2 moiré superlattices
29

3.1 Introduction and Background ............ccceeieiiiiiiiiieiiiiee e 29
3.2 Local Discharging of Moiré Electrons by an STM Tip.....ccccevveeverereenenenieeneneneenne, 29
3.3 Cascade Discharging of Multiple Correlated Electrons ........ccceecevereeneneriecnineneenne, 33
3.4  Probe the Nearest-neighbor Coulomb INteractions ...........cceceereerieerierireesesseeseenieennens 36
3.5 Mapping Moiré Potential FIUCTUAtION........covcviiriiiiiiiinieeniee et 38
3.6  Determination of the tip coupling coefficient Qi ..........ccccceeveeneiniiiniiiiiiniiieeeeeee, 39
3.7 Results and DISCUSSION .....cevuviriieiieieeieeite ettt sttt et et et be e b e sbeesaeesaeas 41
3.8 Summary and OUIOOK.......c.cecuirriirriiiiieree ettt sttt eseeseens 42
4  Imaging Two-dimensional Generalized Wigner Crystals ........ccceevveerieeiniiiinieeniieesseesnieenns 43
4.1 Introduction and Background ............ceeevuiiiriiiiniieriiiiiieenieesiee et 43



4.2 STM Imaging Through a Sensing Layer .........cccccevieriieriirieniieieeeseesiee e 44
4.3 Spectroscopic Signatures of Generalized Wigner Crystals ..........ccocevviiriinieniienienniens 45
4.4  Real-space Imaging of Generalized Wigner CrystalS.........ccoccvrvverreenieenieenieenieeneeneennns 47
4.5 First Trial on Exploring the Imaging Mechanism ..........cccocceevceeiiveeniieenienineeeniee e 50
4.6 Summary and OULLOOK........cccuiiriiiiiiiiiierie ettt s 51

Mapping Charge Excitations in Generalized Wigner Crystals..........ccocceeveriennenieeneeneennen. 52
5.1 Introduction and Background............cccevvieeieniniesenineeseee e 52
5.2 Principle of Scanning Single-electron Charge SpectroSCoOPY .....ccccvereerverereereerersuenne 53
53 Local Thermodynamic Probe of Correlated Electrons ........cccoccevvvveeniieiniininieeniieennennn 55
5.4  Mapping Electron and Hole Excitations of Generalized Wigner Crystals..................... 58
5.5  Determining the Thermodynamic Gaps of Generalized Wigner Crystals..................... 60
5.6  Electrical Simulation of the Tip Coupling Constant...........ceccevvreererereeneneeseerenennnes 61
5.7 Summary and OULIOOK.......cccueiirieiiririeer e e e 64

Visualizing In-plane Charge-Transfer Moiré EXCItONS ........cocvuveriieiniieeinieeniieeniieesiee e 65
6.1 Introduction and Background............coceeiieiiiniiniiniinicceee e 65
6.2 DeviCe and SETUP...ccceevirririeiereetere et r e e 66
6.3  Electronic Structure Revealed by Scanning Tunneling Spectroscopy .......c..ccoceveeeenne. 68
6.4  Charged-transfer Exciton Imaged by Tunneling Photocurrent Measurement............... 69
6.5  Ab initio Calculation of the EXCiton States........cccoovvriiiiiiiniiiiiininiciniccccis 70
6.6  Tip-induced EXCiton DiSSOCIAtION .....evuviriieiierieesieesiee sttt 74
6.7 Summary and OULIOOK........ccueciririeririeee e e s 77



List of figures

Figure 1-1 Structure of a monolayer graphene. ..........ccccoccvieeciiiiiiiiniieciee e 2
Figure 1-2 Structures of TMD Mmaterials. .......cceeieiiriiiiiieniinieeseeteeeetereeee et 3
Figure 1-3 2D van der Waals heteroStruCtUre. ..........c.veevvriieeriieriierieerieseeree e ereere e eieeeeesseesene 4
Figure 1-4 MOIr€ SUPETIATHICE. ...ccuvevveceiiiiieiietieteeseesteestteseteseresereeeseebeesseesseesssesssesssesssesssesssesssenns 5

Figure 1-5 Chemical potential as a function of the total electron number for the two-site Hubbard

108107 (<) DO USRS 9
Figure 1-6 Illustration of the Mott transition in 3-dimensional situation. ............cccceeeevveerreerneenns 10
Figure 1-7 Scanning tunneling miCTOSCOPE. ......ccueruerieriirierienienieetenieettetente et et st sieestesiesieeaenneas 11

Figure 2-1 Schematic of gate-tunable WSe»/WS, heterostructure device used for STM study. ... 17

Figure 2-2 Topography of the interface between the WSe»/WS; hetetrostructure and GNRs. ..... 17
Figure 2-3 High-resolution STM topography image of the moiré superlattice. .............ccocoveennenne. 18
Figure 2-4 Simulated interlayer spacing diStribUtion. ...........ccceeecvieiiiieerireriie e 19

Figure 2-5 Buckling effect induced by an in-plane strain field in the WSe»/WS; heterostructure.20
Figure 2-6 Three-dimensional reconstruction of the moiré superlattice. .........c.cccccevervierenennenne. 20
Figure 2-7 Scanning tunneling spectra measured at different stacking sites..........cc.ccecevvreeenee. 21

Figure 2-8 Resolving moir¢ flat bands folded from different points in in the unit-cell Brillouin

ZOOTIC. ..ttt et et et et et e e bt e e bt e a e e a e e a et a bt e a bt e bt e bt e e bt e ehe e eh et eht e e a et e a bt ea bt e bt e bt e bt e ebeeebeeebeeeaeeentean 23
Figure 2-9 Imaging moiré flat bands. ..........ccceoeiiiiiiiiiiiiiiicciee e 24
Figure 2-10. Spatial characteristics of different moir¢ flat bands. .........cccceceririiinininiininnnee. 25
Figure 2-11 Ab initio calculations of the electronic structure in reconstructed moiré................... 26
Figure 2-12 Comparison of the charge density of states arising from the K and I" points. ........... 27
Figure 2-13 Comparison of the electronic structure of a reconstructed WS,/WSe; hetero-bilayer

and an isolated puckered WSe, MONOIAYET. ....c.cccvievieiieiieiieieieeceesee e 28
Figure 3-1. Gate-dependent dI/dV spectra measured at different stacking sites. ...........cccceveeneene. 30
Figure 3-2 dI/dV mapping of the WSe»/WS, moiré superlattice..........cccveeereeeriieniieniieeiieeeieens 31
Figure 3-3 Mechanism of the discharging eVents.............ccoecveiieiiieiiieseerieeeee e 31
Figure 3-4 DFT calculation of the WS»/WSe; conduction flat bands. .........ccccceverereneneneninenne. 32
Figure 3-5 Sketch of tip-induced moiré electron discharging. ..........cccccceeeveecrieviievieeneeneeseennenen 33
Figure 3-6 Discharging correlated electrons. .........c.cccuiieiiiiiiiieeiii ettt 34



Figure 3-7 High-resolution dI/dV spectra measured at the discharging ring crossing points. ...... 35

Figure 3-8 Correlation effects on cascade discharging of moiré Sites...........cccevvvevverceerceercrennennn, 35
Figure 3-9 Inhomogeneity of MOIré ONSIte ENEIZY. ..ccuerveerieruiruieriereieiererieeie e et eeeee e eee e eneeneas 39
Figure 3-10 Electrostatic simulation of o and . .......ccceoeerierieiererieeee e 41

Figure 4-1 STM measurement of a dual-gated WSe»/WS, moir¢ superlattice through sensing

LAY T, ettt e e et e e b e e tae e e b ee e tbeeatbe e et ee e taeeasbeeabeeenraeesaaeanbeeennaeans 45
Figure 4-2 STS signatures of correlated states in the WSe»/WS, moiré heterostructure............... 46
Figure 4-3 Imaging Mott and generalized Wigner crystal states..........ccooeererereereneneeneneneene. 48
Figure 4-4 Uniaxial strain of the moiré superlattice...........cccvevrieveerienienienie e e e 50
Figure 4-5 Evolution of dI/dV maps for the n = 2/3 state with increased Viias. cveeeevveerrveeneveenneenns 51
Figure 5-1 SSEC spectroscopy measurement of a moiré superlattice. ..........ocevveevenerienenennenne. 54
Figure 5-2 Probe mechanism of SSEC SPECtroSCOPY. ...veevreirrriieniieniienieniienite et 55
Figure 5-3 STS on the graphene Sensing 1ayer. .........ccccevverierieeiiieie et 56
Figure 5-4 Normalization of the Vpg-dependent dI/dV spectra. .........ccceeevverieviievieneeniecreeenenen 56
Figure 5-5 Normalized dI/dV spectra 2D plot......ccceeecieeiiieiiieecie ettt 57
Figure 5-6 Thermodynamic measurement enabled by SSEC spectroscopy. .......ccoceeeeveeneeneenenne. 58
Figure 5-7 Mapping electron and hole excitations of the n = 2/3 generalized Wigner crystal...... 60
Figure 5-8 Electrostatic simulation of the tip-TMD coupled system. ...........cccccceevvereereenrennenn 63
Figure 5-9 Determination of the tip coupling CONStANE O .......coveereeerverreriieieeieeie e 64
Figure 6-1 Laser-STM measurement of a twisted bilayer WS, moir¢ superlattice. ...................... 67
Figure 6-2 Topography for the t-WS, moiré superlattice. ..........eoeereeriiriiniinieeeeeeeeeene 68
Figure 6-3 Electronic structure of twisted bilayer WSa.......ccoveviievierienieiicieceeeee e 69
Figure 6-4 Tunneling Photocurrent measurement of t-WSa. ......ccccveviivciiiciinciieiceeeceeeeeeneen 70
Figure 6-5 Projection of the constructed wavefunctions on the original wavefunctions............... 72
Figure 6-6 Theoretical calculation for the lowest-energy exciton state. ............cceeceeveereerneennnne 74
Figure 6-7 Vpias dependent photocurrent Mapping........c...c.eecveerveerieereeseereeseessvesssesssessseesseesseenees 75
Figure 6-8 Diagram of tip-induced ICT exciton dissociation effect..........ccccoecereerenirciinencnnenne. 76

Figure 6-9 Ideal tunneling of ICT exciton without STM tip perturbation for different Veias
COMAITIONS. ..cneeieiietirtet ettt sttt et s a bttt ebe et b e b e s se bt ebeenenaens 77



List of tables

Table 1 Energy spectrum of the two-site Hubbard model............c.ccceeviveriienieniinieienie e

Vi



Acknowledgments

Completing a PhD is a challenging and rewarding journey that requires support and
encouragement from many individuals. I would like to take this opportunity to express
my gratitude to those who helped me to achieve this milestone in my academic career.

First and foremost, I am deeply indebted to my supervisor, Prof. Feng Wang, for his
guidance and encouragement throughout my PhD journey. I still remember when I first
joined his group, I lacked even the most fundamental knowledge about condensed matter
physics and my research view and taste is very limited. However, through our
interactions during the last five years, his expertise, insights and constructive feedback
has greatly expanded my horizon about this field and reshaped the direction and scope of
my research. Particularly, his brilliant physics knowledge has greatly enhanced my
research progress. I am grateful for his patience, kindness, and willingness to go above
and beyond to ensure my success.

Additionally, I would like to express my heartfelt gratitude to Prof. Michael F.
Crommie, my collaborator (even more like a co-supervisor). My early days on STM
research were difficult since I am completely new and ignorant to it. During that time, I
learned a lot of STM expertise from him, and our discussions have generated many great
research ideas. Particularly, I also learned a lot from him about scientific writing and
communication. I am grateful for the opportunity to work with him during my PhD.

I would also thank Dr. Shaowei Li (now a professor) for teaching and guiding me
how to perform STM research step by step. In the early days, even after | made many
mistakes, he could still fix everything and encouraged me. I learned almost everything
about STM and UHV experiment from him. I am grateful for all the guidance from him.

As an experimentalist, | am fortunate enough to work with the most brilliant theorists
here in Berkeley. I would thank Prof. Steven G. Louie and his group members especially
Dr. Mit H. Naik for providing strong theory and calculation support.

Staying in Berkeley for five years, I am glad to have the precious opportunity to
work with all the great colleagues from different groups. I would like to thank Ziyu xiang
for our close collaboration on all the STM projects in my last two years, without whom
the projects cannot be finished smoothly. Also, I would never forget the support from Dr.
Wenyu Zhao, Dr. Sihan Zhao, Dr. Lili Jiang, Emma Regan, Danqing Wang, Dr. Sudi
Chen, Shaoxin Wang, Salman Khan, Dr. Zuocheng Zhang who helped a lot on
fabricating the complicated samples. When building experimental setups, I received
support from Dr. Tiancong Zhu and Dr. Yoseob Yoon, Dr. Sheng Wang and I want to
thank them as well. Of course, my PhD would not be complete without support from all
the other students and postdocs in Feng’s group and they are Dr. Seok Jae Yoo, Dr.
Halleh Balch, Dr. Tairu Lyu, Dr. Igbal Utama, Dr. Andrew Y. Joe, Zheyu Lu, Collin
Sanborn, Can Uzundal, Ruishi Qi, Jingxu Xie, Qixing Feng, Haleem Kim, and Dishan
Abeysinghe.

Finally, I want to thank the support and encouragement from Siyu He in all ways
during the hard time of my PhD.

vii



1 Introduction

1.1 2D van der Waals Moir¢ Superlattices

Since the first exfoliation of graphene flakes by A. Geim and K. Novoselov in
2004(1) (which earned them a Nobel Prize in 2010), the research of 2D materials has
flourished. Due to the very thin nature of 2D materials (usually one layer of atoms), 2D
materials have exhibited many exciting electrical, optical, and mechanical properties for
both scientific and engineering purposes. Furthermore, their 2D nature allows us to easily
stack different layers to form a heterostructure that has dramatically different properties
from the pristine 2D layers. The numerous ways of combining different 2D materials
greatly enlarges the physics world to explore. Particularly, the discovery of moiré
heterostructures created a new lattice platform that owns completely different length
scale and energy scale compared with conventional systems such as atomic lattices or
cold atoms, where rich new quantum phenomena have been observed. All the
experimental works described in this thesis are performed on 2D van der Waals moiré
superlattice. Therefore, I will first briefly introduce 2D van der Waals materials,
especially graphene, hexagonal boron nitride (hBN) and transition metal dichalcogenides
(TMD) semiconductors, the main building blocks for the sample used in this thesis. Next,
I will discuss the concept of 2D heterostructures and moiré superlattice.

A monolayer graphene is composed of a honeycomb lattice of carbon atoms
(illustrated in Figure 1-1A), where two sublattices (labeled as A and B) are included
within the unit cell. The honeycomb lattice yields a hexagonal first Brillouin zone as
shown in Figure 1-1B. The electronic properties of graphene are mainly contributed by
the p- orbitals of the carbon atoms. Its electronic band structure can be calculated with a
tight-binding model with the result shown in Figure 1-1C. Here the low-energy states are
mainly localized around the two inequivalent K and K’ valleys where the band dispersion
is linear (zoom-in image shown in Figure 1-1C). Near the K/K’ valleys, the Hamiltonian
can be approximately expressed as

(1.1)

0 k,—ik
H=tha-k=< x y),

ke +ik, 0

where v is the Fermi velocity, o is the Pauli matrices acting on the space expanded by
the wavefunctions localized at the A and B sublattices, and k is the wavevector. The
energy spectrum can be obtained as E (k) = +hvg|k|, where the positive (negative) part
is for the conduction (valence) band. This Hamiltonian indicates that the quasiparticles in
monolayer graphene are massless Dirac Fermion, an important property that we utilized
in the work described in Chapter 4 and 5. Only monolayer graphene is mentioned here
but we note that multilayer graphene can have different atomic and electronic
structures(2).



Figure 1-1 Structure of a monolayer graphene. A. The honeycomb structure of a
monolayer graphene where two sublattices (labeled as A (blue) and B (red)) are included
in a unit cell (contoured by blue dashed line). B. First Brillouin zone of the monolayer
graphene. C. Electronic band structure of the monolayer graphene. The low-energy states
are mainly localized around the two inequivalent K and K’ valleys where the band
dispersion is linear. B and C adapted from reference(2)

Hexagonal boron nitride (hBN) owns a similar atomic structure to graphene except
that the A and B sublattices are occupied by boron (B) and nitrogen (N) atoms instead of
carbon atoms as in graphene (Figure 1-1A). The inequivalent B and N atoms leads to an
onsite energy difference between the A and B sublattices and hence changes the
electronic structure. Its Hamiltonian near the two K valleys can be obtained by including
the onsite energy difference, denoted as 2A, to Eq. (1.1) that yields,

, A ke — ik,
H = w'p(kyo, + kyo, + Ac,) = ke + ik, A ) (1.2)

Its energy spectrum can be obtained as
E(k) = + hv'py/k? + A2, (1.3)

Therefore, a bandgap of 2A exists at the two K valley. For hBN this gap is pretty large
and more than 5eV(3, 4), meaning hBN is very insulating and transparent for visible
light. The atomically flat surface and large bandgap of hBN make it an ideal material to
serve as the dielectric (dielectric constant ~4) and protection layer in the fabrication of
various 2D heterostructure devices.



2D transition metal dichalcogenides (TMD) such as WSz, WSe2, and MoSe: are a
large class of materials with exciting electronic and optical properties. The atomic
structures of TMD monolayers are shown in Figure 1-2A, where the two most common
structures are the 2H and 1T phases. The typical electronic band structure of a 2H-phase
MoS:2 monolayer is shown in Figure 1-2B, which exhibits a direct band gap at the K/K’
points of the Brillouin zone. However, depending on the material types and layer
numbers, both direct and indirect bandgaps can exist in TMD materials(5). Research of
2D TMD materials has received wide attention since the first observation of the
photoluminescence in MoS2 monolayers(6, 7). They show interesting optical properties
such as valley polarized excitation by circularized polarized light(8) and large exciton
binding energy due to its 2D nature that lacks dielectric screening(9). TMD
semiconductors also serve as promising candidates for developing the next-generation
nanoelectronics devices such as field-effect transistors(5, 70).

A 2n

‘O Transition metal @) Chalcogen K \

Figure 1-2 Structures of TMD materials. atomic structure of the 2H (left pannel) and 1T
(right panel) phases of TMD. B. Schematic of the electronic band structure of a
monolayer 2H-MoS:z. The spin-orbital coupling induces a large splitting between spin up
(blue) and down (orange) states for the valence band edge at K/K’ valleys. Adapted from
reference()).

Even though these pristine 2D materials themselves have exhibited rich novel
electronic and optical properties, their combinations can even in exciting induce the
emergence of more exotic quantum phenomena. Since these 2D materials are atomically
thin, they can be easily stacked to form various heterostructures (illustrated in Figure
1-3A)(Z1). The different layers are so close to each other (sub-nm gap) that their
electrons can easily couple with each other and consequently make the heterostructure
behave like a new material. 2D heterostructures have been intensively studied during the
last decade due to their greatly controllability. First, there are numerous ways to construct
the 2D heterostructures with multiple tunable knobs such as layer stacking order and
horizontal twist angle. Second, individual 2D materials layer can be in situ tuned
electrically and optically.

The state-of-art technique for fabricating high-quality 2D heterostructure device now
are mainly based on the polymer-stamp assisted dry-transfer method first demonstrated
by L. Wang et.al.(12). The main process is illustrated in Figure 1-3B. 2D flakes can be
picked up layer by layer using polymer stamps such as polydimethylpolysiloxane

3



(PDMS) and poly(propylene) carbonate (PPC) at low temperature (below the polymer
glass transition temperature). During this process, via utilizing a micromanipulator, the
alignment of different layers can be precisely controlled. Once the stacking of all 2D
layers is finished the heterostructure can be released from the polymer stamp by
increasing the temperature above the glass transition.

In this thesis we mainly focus on the heterostructures consisting of TMD
semiconductors. The electronic behavior in such heterostructures quite depends on the
band alignment of the two composing semiconductor layers. Generally, three types of
band alignment can exist, as illustrated in Figure 1-3C. In the type I alignment, both the
conduction and valence band edges of the heterostructure are within the same layer
(right), that hence dominates the low-energy electron behavior. In the type II situation,
the conduction and valence band edges are vertically localized in different layers,
indicating that the electron and hole quasiparticles are spatially separated. Exotic excited
states such interlayer excitons have been observed in such systems(/3, /4). In the type III
band alignment, the valence band top of one layer has even higher energy than the
conduction band bottom of the other layer. Consequently, interlayer charge transfer takes
place making the heterostructure metallic. We note that the band alignment can be
affected by not only the material types but also external parameters such as vertical
electrical field (tuning the onsite energy difference of each layer). In certain cases, it is
even possible to reverse the band alignment with external electrical field(/5).

——CB
——— VB

Type | Type Il Type lll

Figure 1-3 2D van der Waals heterostructure. A. Different 2D material layers can be
stacked on each other to form a 2D heterostructure, where the stacking order and twist
angle can be precisely controlled nowadays. Adapted from reference(/7). B. Illustration
of a typical 2D heterostructure fabrication process enabled by the polymer stamp dry-
transfer method. Adapted from reference(/2). C. Different types of band alignment for
2D semiconductor heterostructures.



The capability of precisely controlling the lattice alignment between different layers
creates a new platform to study 2D quantum physics, moiré heterostructures. The moiré
heterostructures are formed when two 2D flakes with similar lattice constant and
orientation are stacked together. The spatial interference of the two sets of slightly
mismatched atomic lattices generates a larger new lattice, the moiré superlattice
(illustrated in Figure 1-4A). The moiré lattice constant L can be obtained through the
formula,

L et
Vo + 67 (4
where § = (a; — a,)/a, is the lattice mismatch, a; and a, are the lattice constants of the
two atomic lattices, and 8 is their twist angle. As a comparison, the typical moiré lattice
constant of experimental interest is in the order of 10nm while the atomic lattice constant
is usually in the order of 0.3nm. The large moiré superlattice is accompanied by a smaller
mini-Brillouin zone (illustrated in Figure 1-4B).

The moiré superlattice significantly alters the electronic structures of 2D
heterostructure. First, the lattice with a new length scale (L/a~30) changes electrons’
energy scale and their correlation strength. The Coulomb potential energy (PE) between
nearest-neighbor electrons is proportional to 1/L, while the kinetic energy (KE) p?/2m
in lattice model is proportional to 1/L? (p = hk where k~m/L). Both PE and KE get
suppressed with a larger lattice constant while their ratio PE/KE, reflecting the electron
correlation strength, is proportional to L and get enhanced. The stronger correlation effect
in moiré superlattices has induced the observation of exotic quantum phases recently such
as correlated insulator(/6-18), superconductivity(/9-23), Chern insulator(24-26), and
ferromagnetism(24, 27). Second, the moiré superlattice applied an extra moiré potential
on the 2D heterostructure. These potentials, depending on their strength and spatial
landscape, can modify the electronic band structure (such as including moiré minibands)
and change charge spatial distribution in both ground and excited states of interacting
electrons. Most work described in this thesis focuses on exploring the moiré-induced
novel correlated ground and excited states.

A

Figure 1-4 Moir¢ superlattice. A. The moiré superle{ttice formed by stacking two
mismatched atomic lattices. B. Schematic of the moiré mini-Brillouin zone (blacked
dashed line) folded from the two larger atomic Brillouin zones.



1.2 Interacting electrons: Hubbard Model

One of the best-known lattice models describing interacting electrons is the Fermi-
Hubbard model (abbreviated as Hubbard model here). First introduced by J. Hubbard in
1967, this model has shown great success in studying many important strongly correlated
phenomena such as Mott insulator, magnetism, and high-temperature superconductors.
Here we will give it a short introduction.

Starting from a general lattice model with L sites that includes interaction between
particles which has the Hamiltonian.

H = ztu CigCioc T z zvumn Cio Jo’ Cmo’ Cno- (1.5)

l]O' l}mn oo’

where c and c¢;; are the creation and annihilation of an electron at site i with spin o, t;;
is the hopplng energy between site [ and site j, and v,y is the general interaction term.
Here we have assumed a constant onsite energy ¢ and neglected the onsite energy and
chemical potential terms (assuming € — u = 0). If we restrict ourselves to hopping and
interaction within the nearest-neighbor regime, and further neglect the terms with smaller
energy scale, we arrive at the generalized Hubbard model with the Hamiltonian.

H=-t Z (c;raaja + cjt,ai(,) + UZ ningy
i

<i,j>o
1 (1.6)
+ 5 UNN Z Tlln],
<ij>
where < i,j > denotes the nearest-neighbor sites, t = —t;; is the nearest-neighbor

hopping term, U = v;;; is the onsite repulsion energy, and Uyy = 2v;j;; is the nearest-
neighbor repulsion energy. It is noteworthy that we have neglected the terms proportional
to vy, Vijj; and vy;;, which describe the bond-charge interaction, nearest-neighbor spin
exchange interaction and the hopping of a pair of electrons, respectively(28). The
generalized Hubbard model can be further simplified by neglecting the nearest-neighbor
interaction yielding the well-known Hubbard model.

H=-t Z (cma](, +c aw) + Uz nitn;,. (17)

<i,j>0

We note that keeping only the onsite repulsion term U is enough for understanding many
important phenomena such as the Mott insulator and antiferromagnet at half-filling.
However, to describe some exotic phases of matter such as the generalized Wigner
crystal at fractional filling of the lattice (which will be studied in detail in Chapter 4 and
5), it is still necessary to consider the generalized Hubbard model. For now, we just focus
on the Hubbard model.

Despite the simple form of the Hubbard model, it is actually challenging to obtain
the general solutions of it (for one-dimension it can be exactly solved by the Bethe



Ansatz method(29)). However, it is still meaningful to check a few special situations so
that we can have a general understanding of it.

In the limit of t /U — 0, it is simplified to the common tight-binding model without
electron interactions. It can be easily solved through the Fourier transformation c;ra =

le Yre Hricl that yields

H = z e(k)c), Cro (1.8)

ko

where (k) is the energy dispersion. Particularly, for 2-dimensional lattice with direct
lattice vectors a, and a,, €(k) can be calculated as (k) = —2t[cos(k - a;) +

cos(k - a,)] for a square lattice and £(k) = —2t[cos(k - a,) + cos(k - a,) +

cos(k - (a, + a,))] for a triangular lattice. In the limit of t/U — oo it is simply a
classical model with no quantum hopping between different sites. The energy will simply
be U multiplied by the number of double occupied sites.

In the case of nonzero U and t, the Hubbard model is generally hard to solve while
we can check the situation of a (over)simplified two-site Hubbard model that can still
reveal some important properties of correlated electrons. Before solving it, we first note
some important symmetries of the Hubbard model. It can be shown that the Hamiltonian
in Eq. (1.7) commutes with the total number of electrons with spin up Ny = ); n;; and
spin down Ny = )}; n;;, that is, [H, N;] = [H, N,] = 0. Therefore, the total number of
electrons with different spins are conserved in the Hubbard model. Therefore, the two-
site model can be diagonalized by blocks under different combinations of Ny and N,: (Nj,
N,)=(0,0),(1,0),(0,1),(2,0),(0,2),(1,1),(2,1),(1,2),and (2, 2). For convenience,
we denote the Hamiltonian and energy in different blocks as H(N;, N;) and E (N3, N,),
respectively. The blocks of (0, 0), (0, 2), (2, 0), and (2, 2) are all 1-dimensional where the
inters-site hopping is forbidden due to either no electrons or Pauli exclusion principle.
Their energy can be easily calculated as E(0,0) = E(0,2) = E(2,0) =0and E(2,2) =
2U. The blocks of (1, 0), (0, 1), (1, 2), and (2, 1) are two-dimensional where the inter-site
hopping is allowed. The Hamiltonian in the subspace can be written as

Ho,n=Ha0 =2 ]

U . (1.9)

H(2,1) = H(1,2) = [_t J |

and yields the energy spectrum of E(1,0)y = E(0,1); = #tand E(1,2); = E(2,1) =
+t + U. The (1, 1) block is 4-dimensional that acts on states of |T, ), |T,{), [Tl ,0), and

|0, Tl), with the Hamiltonian

0 0 -t -t
o o -t -t
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(1.10)



It yields an energy spectrum of E(1,1); =0, E(1,1), =U,E(1,1); =U/2 —
JAat?2 +U?/4,and E(1,1), = U/2 + /4t? + U? /4. We have summarized the complete

energy spectrum of this two-site Hubbard model in Table 1 where N = N; + N| is the
total electron number.

N [Ny = N, | E

0 0 0

1 1 +t

, 0 0,U, 2+ |42 +%
2 0

3 1 +t+U

4 0 2U

Table 1 Energy spectrum of the two-site Hubbard model.

We can further study the thermodynamic properties via considering the grand
canonical ensemble with the Hamiltonian of H' = H — uN. The ground state energy E' as
a function of u can be calculated as

E!

U U2
—t—u, (—t<u§t+5— 4t2+T,N=1)
=17 4t2+U2 2 t+U 4t2+U2< < t+U+ 4t2+U2N—2 (1.11)
2 y T~ (g g SH= 2 7 N=2)
U U2
—t+U—3u (—t+5+ 4t2+T<uSU+t,N=3)

2U — 4u u>U+tN=4)

More information can be obtained if we plot the u as a function of the ground state
electron number N (Figure 1-5). At large U/t, a gap in u comparable to U emerges at the
half-filling (N = 2). In real space N = 2 means both sites are occupied with an electron
and hence to add one more to either site must overcome the onsite repulsion U. For other
filling factors, the gaps in u mostly originates from the intersite hopping. Figure 1-5 also
reveals that at half-filling this system has a small electronic compressibility (defined as
AN /Ap here).
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Figure 1-5 Chemical potential as a function of the total electron number for the two-site
Hubbard model.

We can further fix the electron number to half-filling (N = 2) and check the spin
behaviors. As shown in Table 1, the antiferromagnetic (|[N;y — N;| = 0) and ferromagnetic
(|Ny — Ny| = 2) ground states have energies of 0 and U/2 — /4t? + U? /4, respectively.
That effectively defines an exchange interaction between the two sites as | =
JAt? +U?/4 — U /2 (we set ] to be positive since the ferromagnetic phase has lower
energy). In the limit of t /U < 1, it can be approximated as

U 1+161:2 . 4t2
]_2 U2 T U

(1.12)

This antiferromagnetic exchange interaction originates from the fact that the electrons
with opposite spins still allow the intersite hopping which tends to lower the energy while
this hopping is forbidden for the same-spin situation.

Although only the over-simplified two-site Hubbard model is considered above, its
many important properties naturally extend to the real Hubbard model with more sites
(~10%). For example, a half-filled band without electron interaction usually means a
metal with large electronic compressibility (defined more precisely as dn/du, where n is
the electron density) at the Fermi level. However, if we gradually increase the onsite
repulsion U, a correlated gap emerges and yields zero electronic compressibility at the
Fermi level (illustrated in Figure 1-6). According to the Einstein relation, the conductivity

o d . o
o, can be related to the compressibility as o, = e2D ﬁ, where D is the diffusion constant

and e is the electron charge(30). Therefore, such electronic interactions induce a
transition from metal to the Mott insulator. On the other hand, in the strong coupling limit
t/U < 1 and around half-filling, the Hubbard model can yield the well-known t-J model
through a Schrieffer—Wolff transformation and excluding the terms that requires double
occupancy of a single site, that is



+ s 4t> 1
H=-t Z (ciaaja + cjaaia) + T Z (S; S — Zninj)' (1.13)
<i,j>c <i,j>
Indeed the Hubbard model can host a complicated phase diagram with many interesting
correlated quantum phases(37) such as antiferromagnetism, strange metal, high-T.
superconductivity and so on, while we will not be able to introduce all of them here.

A U<<t

Density of States

C U>>t

-U/ E ur2

F

Energy

Figure 1-6 Illustration of the Mott transition in 3-dimensional situation.When U is small,
the band is half filled and the material behaves like metal. B. When U is increased, the
electronic interaction starts to play a role and the system can be described by Landau’s
Fermi liquid theory. At the Fermi level (Er), there is finite density of states for the
quasiparticle. C. When U is much larger than the hopping energy, the Mott transition can
take place and induce a correlated gap around the Fermi level. Adapted from
reference(32).

Particularly, in the above discussion about Hubbard model, we only include the
onsite repulsion that predicts the correlated gap at half filling. However, if the long-range
Coulomb interactions such as the nearest-neighbor interaction are also included as in the
case of the generalized Hubbard model, a richer group of correlated insulating phases can
emerge. As a topic explored in detail in this thesis, here we will briefly introduce the
generalized Hubbard model. In the Hubbard model the large onsite repulsion leads to the
Mott insulator at half filling corresponding to one electron filled per site spatially (each
site hosting at most two electrons with opposite spins). With the longer-range Coulomb
repulsion turned on, intuitively it can be expected that the electrons tend to fill only a
fraction of the available sites to avoid not only double occupancy of single site and but
also nearest-neighbor occupancy. To minimize the total potential energy, the electrons
can form a new lattice with a larger lattice constant than the hosting atomic lattice. This
new correlated phase is the so-called generalized Wigner crystal, a generalization of the
electron Wigner crystal that first predicted in strongly interacting electron gas on a lattice
model that is first proposed by J. Hubbard(33). The generalized Wigner crystal features a
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filling-factor dependent lattice structure so that the electron lattice can be commensurate
with the host lattice. More details about the this generalized Hubbard model and its
correlated phases will be discussed in Chapter 4 and 5.

1.3 Scanning Tunneling Microscopy and Spectroscopy

One direct way to study the microscopic nature of moire interacting electrons is to
perform high-resolution real-space imaging. However, such imaging tasks are beyond the
capability of conventional optical microscopes due to their diffraction limit. One suitable
tool used during my PhD is the scanning tunneling microscope (STM), a powerful
microscopic technique widely used in condensed matter physics and surface science. A
short introduction to STM will be given here.

~

Vr. Iy Y
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Figure 1-7 Scanning tunneling microscope. A.Image of the quantum corral constructed
by iron atoms on copper surface. Adapted from reference(34). B. Energy diagram of the
quantum tunneling through the vacuum barrier between a STM tip and the sample.
Adapted from reference(35). C. Schematic of the scanning tunneling microscope working
in constant current mode. Adapted from reference(36).

First demonstrated by G. Binnig and H. Rohrer at IBM Zurich in 1981, STM showed
its powerful imaging capability that can even resolve a single atom, which soon yielded a
Nobel Prize in 1986. For example, Figure 1-7A shows the famous image of the quantum
corral of irons atoms by M. F. Crommie et.al. STM relies on the quantum tunneling of
electrons across a small vacuum gap between a sharp metallic tip and the sample surface
(Figure 1-7B). By measuring the tunneling current in different modes, STM can provide
rich microscopic information of the sample surface. Particularly it can not only image
surface topography but also probe local electronic structures through scanning tunneling
spectroscopy (STS), the two most widely used measurements in STM studies.

We first provide a quantitative review of the quantum tunneling current in STM
measurement following the methods by J. Tersoff and D. R. Hamann(37) as well as J.
Bardeen(38). The tunneling current given by Bardeen’s formalism is

2
"er( D= f(Ey = eDIM| 8, —E), (1.14)
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where f(E) is the Fermi-Dirac distribution, V is the bias applied between the sample and
the tip, M,,,, is the tunneling matrix element between state ¥, and y,, in the tip and

sample (Figure 1-7B), respectively, and E,, (E) is the energy of state ¥, (1,). Here the
term f (E u) [1 — f(E, + eV)] represents that only tunneling from an electron filled state
to an empty state is allowed by the Pauli exclusion principle, and the term § (E, — E;,)

indicates the tunneling is elastic. The tunneling matrix element term |Muv| can be
calculated with the time-dependent pertubation theory, and J. Bardeen gave a symmetric
form of M, as

hz
My = 5— [ dS - (YiViy, — 1, V), (L1.15)

where the integral is over any surface within the vacuum gap region that separates the tip
and sample. Since within a small energy range the tunneling matrix element is almost
independent of energy and at low temperature f(E) can approximated as a step function,
Eq. (1.14) can be further approximated as

2me (¢
I :TlMl f p:(Ep — eV + &)ps(Ep + €) de, (1.16)
0

where p; and p, are the local density of states (LDOS) for the tip and sample and
respectively. Here we have neglected the subscript for the tunneling matrix element.
Therefore, the tunneling current depends mostly on the tunneling matrix element and the
available density of states for the sample and tip.

STM can measure the sample surface topography by scanning the tip over the
surface while maintaining a constant tunneling current (constant-current mode) (Figure
1-7C). The tip is mounted on a piezoelectric scanner that can be moved in three
dimensions with sub-A precision. As the tip approaches the surface, the tunneling current
between the tip and the surface increases exponentially due to the decrease in vacuum
gap and hence the increase the tunneling matrix element. The tunneling current is
measured by the STM and is used to control the position of the tip to maintain a constant
current. As the tip is scanned over the surface, it follows the contour of the surface,
maintaining a constant distance and tunneling current between the tip and the surface. In
this way, STM can measure the topography of a sample surface. Due to the short-range
nature of the quantum tunneling and its exponential dependence of the tip-sample
distance, STM can easily achieve atomic-resolution imaging.

STM can also be used in combination with spectroscopic techniques to perform
scanning tunneling spectroscopy (STS), which allows for the measurement of the LDOS
of sample surface. Since most STM tips are made of metal with large and nearly constant
density of states around its Fermi level, we can approximate p; in Eq. (1.16) as a

constant and it yields
ev

M[2p, f po(Er — eV + &) de, (1.17)
0
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Therefore, the derivative of the tunneling current with respect to the bias directly reflects

the sample density of states,

dl

Wocps(EF—eV)de, (1.18)
Overall, STS is a powerful technique that allows for the measurement of the LDOS at the
atomic scale. By combining STS with other techniques, such as spin polarized STM,
researchers can gain a detailed understanding of the electronic structure and properties of
materials.

Beyond topography imaging and STS measurement of LDOS, STM can also provide
some other measurement capabilities. Exploring the novel application of STM is one of
the main themes of this thesis, where we have developed multiple different STM
techniques to locally probe interacting electrons. Here I will just introduce one feature
about STM measurement that is important but may not be widely realized in the
condensed matter community, STM tip local gating effect (or local band bending effect).
This feature enables us to achieve many important applications of STM as discussed
later.

Besides the quantum tunneling, the STM tip also performs a non-negligible
pertubation to the sample surface due to the local electric field near tip apex. In most
conventional STM measurements, it is simply assumed such local electric field does not
significantly affect the measurements. This assumption works fine for samples with large
density of states (such as metals), where the tip local electric field is easily screened by
the sample and the local properties are not affected very much. However, this assumption
fails for the STM measurements of samples with finite density of states or energy gaps
near the Fermi level, such as molecules on insulating substrate, where the screening the
tip local electric field may not be enough. Consequently, it can change the number of
electrons filled in the sample locally (local doping level) and hence alter the sample’s
Fermi level position. In this case, the tip also plays the role of a local electrostatic gate.
Such an effect has been noticed in previous STM studies of systems such as
molecules(39) and defects(40) where the so-called charging/discharging effects have
been observed.

1.4 Outline of This Thesis

This thesis mainly focuses on exploring the quantum behavior of interacting
electrons in 2D moiré heterostructure through developing novel microscopic imaging
techniques based on STM. It is organized as follows.

Chapter 2 describes our work on probing the atomic and electronic (single-particle
level) structures of a TMD moir¢ heterostructure with STM and STS. The moiré
superlattice and electronic minibands are spatially visualized. We found that a 3D atomic
reconstruction exists in the moiré heterostructure and provides the moiré potential for
valence band edge states.

Chapter 3 studies the electron Coulomb interactions in TMD moiré superlattice.
Using STM tip as local gate, we can control the cascade discharge of nearby moiré
13



electrons, through which the nearest-neighbor Coulomb interaction can be experimentally
measured.

Chapter 4 describes our efforts on imaging an exotic correlated phase of electrons,
generlazied Wigner crystal, in TMD moiré heterostructure. We innovatively employed a
non-invasive graphene-sensing-layer assisted STM probe method, and for the first time
saw the images of electron crystals after its prediction about 90 years ago.

Chapter 5 discusses our further development of the sensing-layer assisted STM
imaging technique. We demonstrated it to be a local thermodynamic measurement of
correlated electrons. Through controlling the STM tip bias, we can locally excite an
electron or hole quasiparticle and measure the local thermodynamic gap. This technique
is the so far one of the thermodynamic probes with the highest spatial resolution (~nm).

Chapter 6 studies the photoexcited states of interacting electrons in TMD moiré
superlattice. Through combing laser excitation with STM, we directly imaged the internal
electron and hole distribution within photoexcited charge-transfer moiré excitons.
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2 Imaging moir¢ flat bands in 3D reconstructed
WSe2/WS; superlattices

2.1 Introduction and Background

Moiré¢ superlattices in two-dimensional (2D) heterostructures provide an attractive
platform to explore novel correlated physics since nearly flat electronic bands can be
engineered to enhance the effects of electron-electron correlations. This was first seen in
graphene-based moiré superlattices where correlated insulator states, superconductivity,
and ferromagnetic Chern insulators have been observed in both twisted bilayer(/6, 79,
20, 41, 42), double bilayer(43-45), and ABC trilayer(21, 24, 46) moiré system. The
TMD-based moir¢ superlattice can have even flatter minibands, thus enhancing the role
of the long-range Coulomb interactions. They have recently emerged as a new model
system to explore novel strongly correlated quantum phenomena, such as the correlated
insulators and generalized Wigner crystal(47-57). More exotic emerging states, such as
charge transfer insulators and pair density waves, have been predicted to emerge from
theoretical models of hole-doped WSe2/WS:2 moiré heterostructures(52, 53). These
correlated phenomena, however, depend sensitively on the precise structural and
electronic properties of the underlying moiré superlattice due to the delicate interplay
among atomic geometry, moiré¢ band structure and Coulomb interactions. Fundamental
understanding and quantum control of TMD-based moiré phenomena thus require both
quantitative knowledge of 3D superlattice reconstructions at the atomic level and flat
band electronic structure at the meV energy level, something that has hitherto been
missing.

Scanning tunneling microscopy (STM) provides a powerful tool to characterize the
atomic and electronic structure of moiré superlattices. Previous STM studies have
successfully observed localized moir¢ flat bands and correlated electronic gaps in twisted
bilayer graphene(54-57), and demonstrated moir¢ site-dependent electronic structure in
TMD moiré¢ superlattice(58-60). Narrow moiré flat bands at the valence band edge of
TMD heterostructure, however, have not yet been reported. Part of the challenge is the
difficulty in fabricating high-quality exfoliated TMD moir¢ heterostructures on insulating
substrates that are suitable for STM characterization. As a result, previous STM studies
often focused on chemical vapor deposition (CVD) grown TMD heterostructures on
conducting graphite. CVD growth, however, yields lower sample quality and very limited
control of stacking order and twist angle of the TMD heterostructure compared to
exfoliation and stacking techniques. A graphite substrate can also pin the Fermi level of
the TMD material and induce undesirable electronic screening and modification of TMD
band structure(6/-63).

In this chapter, I will describe our efforts in determining the moiré flat band electronic
structure of three-dimensional (3D) reconstructed WSe2/WS2 moiré superlattices by
combining scanning tunneling spectroscopy (STS) of high quality exfoliated TMD
heterostructure devices with ab initio simulations of both atomic geometry and electronic
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band structure of TMD moiré superlattices. Our STM imaging and theoretical simulations
reveal a striking 3D buckling reconstruction of the WS2/WSe: heterostructures that is
accompanied by strong strain redistribution within the moiré superlattice. We observe
multiple moir¢ flat bands at the valence band edge that originate from the K-point, as well
as a separate set of deep lying moiré flat bands that originate from the I'-point (Our
convention is to refer the K- and I'-points of the unfolded WSe: Brillouin zone (BZ) instead
of the moiré BZ). The top-most valence flat band from K-point is prominently narrow with
a width of only 10 meV and is expected to be responsible for recently observed novel
correlated insulator behavior and generalized Wigner crystal states(47-49, 51). The strong
localization of this band at the B5W stacking site revealed by STS spatial mapping
contradicts previous simplified density functional theory (DFT) calculations which predict
localization at the AA site(52, 53, 58, 59). The STS results, however, are fully consistent
with our DFT results obtained using calculated large 3D reconstructed moiré superlattice.
Our results show that the unexpected 3D moir¢é reconstruction and strain redistribution play
a dominant role in determining the lowest energy moiré flatbands in WS2/WSe2
heterostructures.

This work cannot be finished without a close collaboration between different groups.
The STM work was mainly done by Shaowei and me with the support from the Wang
group and Crommie group, while the theoretical calculation was done by Mit in the Louie
group. Part of the discussion is also presented in a published paper(64).

2.2 Gate Tunable TMD Device for STM Study

To perform STM study of a gate tunable TMD moiré heterostructure on an insulating
substrate, that enables electrostatic doping and further study of its strongly corelated
physics, we designed and fabricated a special device. The schematic of our designed
WSe2/WS:2 heterostructure device is shown in Figure 2-1. We used an array of graphene
nanoribbons (GNRs) as contact electrodes, and the silicon substrate as a back gate to
control the carrier density of the heterostructure. However, to make such a gate tunable
TMD heterostructure device for STM study is a nontrivial task. To achieve this, we
developed a series of novel sample fabrication techniques. The graphene/WSe2/WS2/hBN
stack is fabricated using the micro-mechanical stacking techniques. A poly(propylene)
carbonate (PPC) film stamp was used to pick up all exfoliated 2D material flakes in the
following order: hBN, WSz, WSe2, and then graphene nanoribbons. The PPC film
together with the stacked sample was then peeled, flipped over, and transferred onto a
S102/8Si substrate (Si0:2 thickness 285nm). The PPC layer is subsequently removed using
ultrahigh vacuum annealing at 230 °C, resulting in an atomically-clean heterostructure
suitable for STM measurements. The GNR array here provides a relatively low drain
resistance for STM measurement of the TMD heterostructure on an insulating substrate,
since graphene electrodes have lower contact resistance compared to deposited metal(65),
and the STM tip can be placed very close to the graphene boundary. The graphene
nanoribbon arrays were fabricated before the stacking process by cutting exfoliated
graphene using the electrode-free local anodic oxidation technique(66). 50nm Au and
Snm Cr were evaporated onto the graphene to make electric contact.
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Figure 2-1 Schematic of gate-tunable WSe2/WS:2 heterostructure device used for STM
study. Graphene nanoribbons (Gr) are placed on top of the WSe2/WS: as contact
electrodes.

Figure 2-2A shows an ambient AFM image of the top surface of the fabricated
device: an array of GNRs (each separated by 100~200 nm) partially covers the
WSe2/WS:2 heterostructure. Figure 2-2B shows an enlarged large scale ultra-high vacuum
(UHV) STM image of the heterostructure. The moiré superlattice can be clearly resolved
in both the exposed TMD and GNR-covered areas, demonstrating the high quality of the
heterostructure device.

Figure 2-2 Topography of the interface between the WSe2/WS: hetetrostructure and
GNRs. A. Room temperature ambient AFM image of the sample surface. Exposed
WSe2/WS:2 and graphene-covered areas are labeled. B. UHV STM image of the exposed
WSe2/WS:2 and graphene-covered area (T = 5.4K). A Moiré superlattice can be seen
clearly in both areas. Vbias = -3V, I = 100pA.
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2.3 Atomic Structure: Three-dimensional Moiré Reconstruction

With STM measurement, we can first investigate the atomic structure of this
WSe2/WS2 moiré heterostructure. Figure 2-3A shows a zoom-in STM image of the moiré
superlattice in the exposed TMD area. It shows a moiré period of 8.16 nm, consistent
with the period expected for an aligned WSe2/WS: heterostructure with a near-zero twist
angle. Importantly, the heterostructure shows large height variation at different sites
within a moiré unit cell, resulting in an overall honeycomb lattice characterized by a large
valley at each hexagon center that is surrounded by six peaks. The apparent height
variation in an STM image always results from a convolution of geometric height change
and electronic LDOS change, making it difficult to determine “true” height variation via
STM. To eliminate this complication, we exploited the graphene covered TMD region,
where the thin graphene layer covers the moiré superlattice conformally, but the
electronic LDOS of graphene remains nearly constant. Figure 2-3B displays an STM
topography image of the moiré superlattice in the graphene covered area using a bias of -
0.19V. This bias lies within the TMD gap, and so all of the tunneling current flows
through the graphene layer. The similarity between Figure 2-3A and Figure 2-3B
confirms that the WSe2/WS: topographical landscape does, in fact, feature six peaks
surrounding one valley. The moiré superlattice is formed by a periodic change in the
layer stacking configurations between the top WSe2 and the bottom WS: layers. Three
high-symmetry stacking configurations are illustrated in Figure 2-3C, and denoted as the
BWYS BSW and AA stackings, respectively. BYS and BV correspond to AB stackings.

» 51.25 C .

Figure 2-3 High-resolution STM topography image of the moiré superlattice. A. STM
image of the exposed WSe2/WS: area shows a moiré period of ~8nm. Vbias =-3V, 1=
100pA. B. STM image of the graphene-covered area (Vbias =-0.19V. I = 100pA). The
STM image here better reflects the true topography of the heterostructure (see text). C.
Schematic of the three types of stacking: BW/S, BSe/W and AA.

A common explanation for height modulation in TMD heterostructures is the
stacking-dependent layer separation: the AA stacking has the largest interlayer spacing
due to steric hindrance from the overlap of Se atoms in the WSe: layer and S atom in the
WS layer, while the BSY and BVS stacking sites have smaller interlayer separations. To
better understand the structural reconstruction of the moiré pattern, we first carried out a
forcefield-based simulation of the superlattice. Figure 2-4 shows the resulting interlayer
spacing distribution in a vertical-only relaxed, free-standing simulated WS2/WSe:
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superlattice which indeed exhibits a peak at the AA stacking site. This stacking-
dependent layer separation, however, does not explain our experimental data since it
predicts a peak (AA) surrounded by six valleys (B"'S and BS'V), exactly the opposite of
the STM images shown in Figure 2-3A and Figure 2-3B.

Figure 2-4 Simulated interlayer spacing distribution. The AA sites show the highest
interlayer spacing while the BS¥Y and BV'S sites have the lowest interlayer spacing. This
result cannot explain the observed height variation in Figure 2-3.

To account for our experimental observation, we must consider additional 3D
reconstruction of the moiré heterostructure. Recent studies have suggested that 3D
reconstruction of TMD moiré superlattices may be significant(67), but there have been no
ab initio simulations of this effect. Our ab initio simulations of the WSe2/WS2
heterostructure reveal a strong moiré superlattice reconstruction that includes both a large
in-plane strain distribution and a prominent out-of-plane buckling. Figure 2-5A shows the
calculated in-plane strain distribution within the WSe: layer of the heterostructure. The
heterostructure tends to increase the area of the interlayer locked AB stacking regions due
to its lower energy than AA stacking. As a result, the WSe2 layer gets locally compressed
at the AB stacking regions due to its larger lattice constant compared with WSa. The
residual tensile strain localizes to the AA stacking region (Figure 2-5A). The WS2, with
smaller lattice constant, hence, has the opposite strain distribution. To partially release
this strain, the hetero-bilayer reconstructs in 3D by an in-phase buckling in the out-of-
plane direction (Figure 2-1A and Figure 2-1B). The simulated height distribution of the
top WSe: layer (Figure 2-5B) perfectly reproduces our STM image (Figure 2-3A and
Figure 2-3B). Figure 2-5C shows a side view of the 3D reconstructed heterostructure
from both experiment and theory. The buckling above the AA “valley” causes the AB
sites to rise. It is noteworthy that the presence of a hBN substrate only slightly reduces
the buckling effect (black curves in Figure 2-5C). The simulated line profile agrees well
with our experimental data (Figure 2-5C).

19



%

2
1.2 lwse

0
1.0 Se/W wW/s

T psw Bws AR
08 _» —— Theory (WSe,/WS;)

—=— Theory (WSe,/WS;,/hBN)

0.6 3] —— Experiment

-4
04 _5 WS
02

%o 25 50 75 100 135 150

0.0 x (nm)

Figure 2-5 Buckling effect induced by an in-plane strain field in the WSe2/WS2
heterostructure. A. Theoretical in-plane strain distribution (in %) for the WSe2 layer
from simulation. B. Theoretical height profile of the W atoms in the top WSe: layer from
simulation. C. Calculated 3D buckling of the heterostructure and comparison to
experiment. Black and gray dots show the simulated positions of W atoms for a
freestanding heterostructure and a heterostructure supported by hBN, respectively. Red
trace shows the experimental line-cut from Figure 2-3B.
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Figure 2-6 Three-dimensional reconstruction of the moiré superlattice. A. Schematic of
the buckling process. B. 3D view of the reconstructed WSe2/WS2 moiré superlattice
from simulation.

2.4 Electronic Structure: Spatially localized Moiré Flat Bands

The moiré superlattice reconstruction has a profound impact on the electronic
structures of this moiré heterostructure. To observe this effect, we used STS to probe the
local electronic structure of the WSe2/WS: heterostructure. Figure 2-7 displays the STS
dI/dV spectra acquired at different moiré sites for -3 V < Vpias < 2V. Differences are seen
in the spectra obtained at different moiré sites, consistent with previous studies performed
on bilayer heterostructure grown on graphite(/6, 56).
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Figure 2-7 Scanning tunneling spectra measured at different stacking sites. Blue: AA
staking. Red: B’ stacking. Yellow: BSV stacking. Peaks in the -2V < Vbias < -1.7V
range show strong moiré site-dependent peak positions. A low current setpoint is used
here (Vbias=-3V, I=70pA).

We first focus our analysis of the STS spectra on the moiré flat band closest to the
valence band edge, where the effects of strongly correlated states have been observed
previously(/8, 47, 48). A challenge in the STM study of TMD materials is how to
distinguish electronic states arising from K or I" points in the single-layer BZ(55, 56).
Here we utilize two distinct features of the K-point states to identify them as discussed in
details below.

We first use the fact that, due to the much larger in-plane momentum of K-point
states, their wavefunction decays faster outside the TMD layer. It can be described by Eq.

(2.1):
2m,(E - E;) )
T Rz
where k| is the in-plane wavevector, k is the decay constant in the out-of-plane
direction, m, is the electron/hole effective mass, E is the electron/hole energy, and Ej is
the energy of the band edge. This should result in a much faster dI/dV signal decay rate
with increased tip-sample distance for K-point states. Figure 2-8 A shows the height
dependent dI/dV spectra measured at one of the AB sites (ultimately confirmed as BS*Y
site) in the moiré pattern. Two prominent peaks are observed near Viias = -1.7 V and Vbias
=-1.5 V. The peak near -1.5 V exhibits a much stronger height dependence than the peak

near -1.7V, suggesting that the peaks at -1.5 V and -1.7 V correspond to electronic states
at the K and I' points, respectively.

@.1)

k|2| — K2 =

We next use the two facts that the TMD K-point electron wavefunctions have large
in-plane momentum, and are mainly contributed by W d orbital with angular momentum
m =+ 2. As a result, these states gain a 47 /3 phase when rotated by a 2rr/3 angle in
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space (-41/3 phase gain for K’ state). Second, due to the plane wave part e?*" of the
Bloch wave, there will be a 2 phase winding for adjacent three W atoms (illustrated in
Figure S9a). There phase factors, together, will induce atomic-scale alternating
constructive and destructive interference pattern in the LDOS maps of the K(K”)-point
states. If we take the K-point state as an example, at the hollow circle points shown in the
left panel in Figure 2-8B, the contribution of their nearby three adjacent W atoms will be,

27l 4mi 41Tl 8mi

1-14+e3 e 3 +e3 e 3 =0, (2.2)

where the first factor in each term in the left-hand-side of the equation is the phase from
the Bloch wave, while the second factor is from the angular momentum. Therefore, we
will have destructive interference at the hollow circle points. For the solid circle points,
the phase contribution from the Bloch wave keeps the same while the phase contribution
from the angular momentum is reversed. The net effect will be,

2mi 4mi 41 8mi

1-14+e3 €3 +e3 -3 =3. (2.3)

Therefore, we will have constructive interference at the solid circle points. For the K’-
point state, both the wave vector of the Bloch wave and the angular momentum of the d
orbital are reversed, inducing that the final interference pattern is the same as the one of
the K-point state. On the other hand, the I'-point states are mainly contributed by the p-
orital of the Se atoms, which has m = 0, and its Bloch wave has 0 wave vector. Therefore,
all sites share the same phase and only have constructive interference (right panel in
Figure 2-8B), which will make the LDOS spatial distribution of the I'-point state
smoother than the that of the K-point states. Experimentally, we found the high-
resolution dI/dV mapping at -1.5 V shows pronounced dI/dV signal oscillation over
atomic-scale distances that match the WSe: lattice (Figure 2-8C), while the dI/dV
mapping at -1.7 V more smoothly varies (Figure 2-8D). This behavior confirms that the -
1.5 V peak originates from K-point states at the valence band edge, whereas the -1.7 V
peak originates from I'-point states. Such analysis based on the dI/dV mapping spatial
oscillation amplitude is also supported by the numerical calculation results(64).
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Figure 2-8 Resolving moir¢ flat bands folded from different points in in the unit-cell
Brillouin zone. A. Tip-sample distance (d) dependent STS at the B3V site (Vbias = -
2.15V, I=50, 100, 200, 400, 800, 1600pA). A second peak near Vbias = -1.5V emerges
with decreased d, indicating that it has a larger decay constant and originates from K-
point states. B. Illustration of the atomic-scale wavefunction interference pattern. K-point
states have a 2m phase-winding over adjacent three W atoms, while I'-point states have
identical phases over all Se atoms sites. C,D. High resolution dI/dV mappings measured
at the same BV region with biases corresponding to (C) the K-point (-1.50V) and (D)
the I'-point (-1.71V) peaks. Black hollow circles in e show the atomic-scale constructive
interference points as illustrated in (A).

Next we performed larger-scale dI/dV mapping to directly visualize the localization
of the flat bands in the real-space. Figure 2-9A and Figure 2-9B show dI/dV maps
obtained at the two peak energies -1.52 V (labeled K1) and -1.73 V (labeled I'1). The
local density of states (LDOS) for both of these flat band states are found to be strongly
localized at the BS*'V site. Atomic-scale site dependence in the dI/dV signal for K-point
states is again reflected in the K1 dI/dV mapping. Figure 2-9C and Figure 2-9D show the
dI/dV mapping at slightly lower energies. The LDOS distribution is seen to change
dramatically and now shows LDOS minima where previously there were maxima at the
B5Wsite.

23



.52V) 312 (-1.50V)"

O (-1.73V)

Figure 2-9 Imaging moiré flat bands. A,B. Large scale dI/dV mappings of K-point states
for (A) Vbias = -1.52V and (B) Vbias =-1.59V. C,D. Large scale dI/dV mappings and I'-
point states for (C) Vbias = -1.73V and (D) Vbias =-1.78V.

To better determine the energy-dependent LDOS of the moir¢ flat bands, Figure
2-10A shows a density plot of dI/dV spectra for the bias range -1.72V < Vpias <-1.42 V
along the BYS-BS¥W_AA direction, indicated by the yellow path marked in Figure 2-9A.
Figure 2-10B shows the same plot, but over a different bias range: -1.86 V < Viias < -
1.63V. Figure 2-10A shows a prominent moir¢ flat band at the valence band minimum
that is strongly localized at the BS*'W site. This K-point moiré flat band is isolated from
deeper moir¢ flat bands by a gap of ~50 meV. Figure 2-10C displays a high-resolution
dI/dV spectum at the BV site which exhibits a peak having a full width at half
maximum (FWHM) of 12mV + ImV. After a deconvolution eliminating the impact of
the modulation voltage (using SmeV FWHM Gaussian kernel to approximate the
modulation voltage), the FWHM of the dI/dV peak is 10mV £+ ImV, which sets an upper
limit on the bandwidth of the moir¢ flat band of WSe2/WSa. The occupied moiré
miniband in twisted bilayer graphene by comparison has an experimental bandwidth of
10~40 meV (21, 53, 54, 68). The narrowness of the WSe2/WS2 moir¢ flat band in
combination with the strong long-range Coulomb interactions in 2D semiconductors
makes this TMD heterostructure an excellent platform to explore highly correlated
quantum phenomena.
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Figure 2-10. Spatial characteristics of different moiré flat bands. A,B. dI/dV density plot
of (A) K-point and (B) I'-point states along the two-segment yellow path shown in Figure
2-9A. Horizontal arrows label the positions of the B¥S (green), BS*Y (red) and AA (blue)
sites. White vertical arrows label the energies used in Figure 2-9. Vec=50V for all
measurement shown. The tip-sample distance is determined by the setpoint Vbias = -
2.15V, I=800pA for all spectroscopies shown. Lock-in modulation = 20mV. C. High-
resolution dI/dV spectrum measured at the B3 site. A sharp peak with full width at half
maximum (FWHM) of 12mV + ImV can be observed near Vuvias = -1.5 V (uncertainty in
the FWHM of this peak comes from the standard deviation of widths extracted from
spectra obtained at different BSV sites). Lock-in modulation = SmV

In addition to the valence band edge moir¢ flat band, Figure 2-10A shows that deeper
moiré flat bands having different wavefunction spatial characteristics are present, but
these bands are not well isolated. One such flat band can be tentatively identified near -
1.6 V in Figure 2-9B. The dI/dV map of this flat band (labeled K2) shows a ring around
the center of the BS'W site and a weak plateau at the BY'S site. The ring-shaped electron
wavefunction around the BV site is reminiscent of the first excited states of a harmonic
oscillator for a potential well centered on this site.

Figure 2-10B shows deeper flat bands mostly originating from the I" point. The I'
point moir¢ flat band closest to the valence band edge lies at -1.73 V and is localized to
the BS'WV site. At the slightly deeper energy of -1.78 V a new wavefunction distribution is
seen and the LDOS now shows a minimum at the BS*'V site (Figure 2-9D). The ring-
shaped electron wavefunction around the B3V site in this case is once again reminiscent
of the first excited states of a harmonic oscillator.

2.5 Origin of Moir¢ Potential

Although we directly observed the moir¢é flat bands and its spatial characteristics, it
is still desirable to figure out their microscopic origins. To achieve this, we performed
large-scale density functional theory (DFT) calculations on the forcefield-reconstructed
moiré superlattice. Figure 2-11A shows the calculated valence band structure for the
WSe2/WS2 moiré superlattice in the mini-BZ (left) and the corresponding plot of the
density of states (DOS) (right). The valence band edge is set at E = 0. The bands closest
to the valence band edge (0 ~ -0.18eV) are folded from the K-point, whereas the deeper
bands below -0.18 eV have mixed origins from both the K-point and the I"-point. Their

25



origins can be distinguished by their LDOS distributions in the out-of-plane direction.
Figure 2-12 shows the planar-averaged plot of the charge density of representative flat
band states arising from the K and I" point. The K point states do not hybridize between
the layers and are well localized in the WSe: layer. The I point states, on the other hand,
are strongly hybridized between the layers and hence have charge density on both layers.

We labeled four important energy ranges (E1-E4) in Figure 2-11A. The top-most
valence band (within E1) has a bandwidth of only ~10 meV and is separated from the
next band (within E2) by ~30 meV. The narrow, energetically isolated nature of the top-
most band is in quantitative agreement with our experimental observations (Figure
2-10C). The deeper bands tend to mix with each other and are thus hard to distinguish
experimentally. The top-most bands folded from the I'-point is within E3, while the next
set of deeper bands are within E4. The states in the gap between E3 and E4 are folded
from the K-point.

A E1 (K)
E1(K)
N E2 (K)
o
>
o
9}
c
w
E3(I)
E4 (I)
] 0 200
14 H K 4 DOS (a. u.)

Figure 2-11 Ab initio calculations of the electronic structure in reconstructed moiré. A.
Calculated electronic band structure plotted in the folded mini-BZ (left) and the
corresponding plot of the density of states (DOS) with 10 meV Gaussian broadening
(right). Four important energy ranges (E1-E4) are labeled (green shaded areas) to
highlight the top-most states folded from the K-point (E1, E2) and I'-point (E3, E4). B-E.
Calculated LDOS maps over a patch of area corresponding to the region used for dI/dV
maps in Figure 2-9. The LDOS maps are averaged over different energy ranges as labeled
in panel A: B. E1, originating from K-point, C. E2, originating from K-point, D. E3,
originating from I'-point, and E. E4, originating from I'-point. The maps are also
averaged over the out-plane direction.

The spatial distribution of the calculated charge density for the flat band states agrees
well with the STS results. Figure 2-11B-E show the calculated LDOS distribution
averaged over the four different energy ranges E1-E4, as well as averaged over the out-
of-plane direction. Figure 4b shows the calculated LDOS for E1, mainly the top-most flat
band from the K-point. The LDOS is observed to localize strongly in the BV region of
the moiré unit cell. This matches the experimental behavior quite well (Figure 2-9A),
and, in fact, allows us to distinguish the BV region from the BS'WV region in our
experimental images. As we move deeper into the valence bands (E2) our simulation
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reveals a delocalization of the K-point LDOS and the formation of a node at the center of
the B3V region (Figure 2-11C). This closely matches our experimental observations
(Figure 3h). The I'-point LDOS behaves similarly, as seen by the comparison of
theoretical Figures 4d,e with experimental Figure 2-9C,D. Once again, we see the top-
most I'-point states (E3) showing strong localization in the BV region, as well as
increased delocalization accompanied by the formation of a node at slightly deeper
energies (E4). The calculated energy separation between the top-most K and the I states
(180 & 20 meV between E1 and E3) is also very similar to the experimental energy
separation between the K1 and I'l states (205 £ 18 meV). We thus observe very
reasonable agreement between experiment and theory for both the flat band energy
separation and the flat band spatial LDOS distribution.It is conventionally believed that
the interlayer interaction variation is the dominant effect in modulating the electronic
structure of moiré superlattices(50). However, our DFT calculation reveals that the flat
bands at the K-point are mainly a result of the deformation of the monolayer instead of a
hybridization-induced interlayer potential. Similar K-point flat band behavior can be
reproduced by calculating the electronic structure of a puckered monolayer WSe:
extracted from the relaxed moiré superlattice (as shown in Figure 2-13). The I'-point flat
bands, on the other hand, do arise from inhomogeneous interlayer hybridization within
the moiré superlattice. The difference mainly originates from the fact that the K-point
wavefunctions, being of W-d character, are highly localized within the WSe: layer and
almost do not hybridize in the bilayer, while the I'-point wavefunctions, on the other
hand, have a strong Se-p: character, leading to a stronger interlayer hybridization(69, 70).
The spatial varying interlayer spacing (larger at AA sites and smaller at AB sites) causes
inhomogeneous interlayer hybridization for I'-point states and thus the splitting of the I'-
point bands at different moiré sites(717, 72).

2
6 |<,U:<]2
lor|
4
Vacuum
215
{ Gt WSe,
— 0
< —
N —2/‘
-4
ws
_6 2
-8
-10 r . .
0.0000 0.0001 0.0002 0.0003 0.0004

Charge density (e/A3)

Figure 2-12 Comparison of the charge density of states arising from the K and I points.
Planar-averaged charge density of moir¢ flat band states folded from the G and K valleys,
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respectively. The charge density of the K state is strongly localized on the WSe: layer
while the I state is present on both layers because of hybridization. The WSe: layer and
WS> layer regions are labeled with purple and green respectively.
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Figure 2-13 Comparison of the electronic structure of a reconstructed WS2/WSe: hetero-
bilayer and an isolated puckered WSe2 monolayer. A,B. Comparison of the electronic
band structures for (A) a relaxed WSe2/WS: heterostructure and (B) an isolated puckered
WSe:2 monolayer. The geometry of the puckered WSe2 monolayer is extracted from the
reconstructed hetero-bilayer moiré superlattice. C. Comparison of the LDOS spatial
distribution of the y-point states near the valence band edge marked in (A) and (B). The
LDOS maps are averaged over the out-plane direction.

2.6 Summary and Outlook

In this chapter, we explored the atomic and electronic structures of a WSe2/WS2
moiré heterostructure. We found that 3D moiré reconstruction dominates the low-energy
moir¢ electronic structure, resulting in a narrow moir¢ flat band with 10 meV bandwidth
at the valence band maximum in WS2/WSe: heterostructures. Such quantitative
understanding of the atomic and electronic structure within a moiré superlattice is crucial
for simulating Hubbard model and for further control of novel correlated phenomena in
TMD-based moiré heterostructures.
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3 Imaging local discharge cascades for correlated
electrons in WS2/WSe2 moiré superlattices

3.1 Introduction and Background

Compared with graphene-based moiré heterostructures, semiconductor TMD moiré
superlattices feature flatter moiré minibands and stronger long-range Coulomb
interactions, thus leading to new emergent correlated electronic states that are absent in
graphene-based moiré systems(/6, 41-43, 45, 46). Indeed, several recent studies have
revealed correlated states in TMD moir¢ superlattices, including charge-transfer insulator
states(53, 68) and a rich variety of extended Wigner crystal states at fractional fillings(48,
73-75). Direct local characterization of the correlated states and physical parameters of
the extended Hubbard model in TMD moiré heterostructures, however, has so far been
lacking. In Chapter 2 we performed a local probe of the lattice and orbitals in the
WSe2/WS2 moiré heterostructure that host interacting electrons. However, the role of
electron interactions, an important factor in shaping the strongly correlated physics in
such systems, has not been discussed yet. For example, little is known about the strength
of nearest-neighbor electron-electron interactions or the magnitude of inhomogeneity in
onsite energies within TMD moir¢ superlattices.

In this chapter, we describe a new STM-based technique for imaging and
manipulating the charge states of correlated electrons in gated WS2/WSe2 moiré
superlattices that enables the determination of the nearest-neighbor Coulomb interaction
energies and onsite energy fluctuations. Using this we are able to image the charge state
of moiré¢ sites via their influence on the tunneling current between an STM tip and the
WS2/WSez heterostructure. By combining a back-gate voltage with the STM bias this
mechanism enables us to locally charge and discharge correlated moiré electrons.
Gradually ramping the STM bias under these conditions results in a cascade of
discharging events for correlated electrons at multiple neighboring moiré¢ sites.
Investigation of this discharge cascade allows us to determine the nearest-neighbor
Coulomb interactions as well as onsite energy fluctuations within the moiré superlattice.

The work in this chapter, as a natural extension of the last chapter, is finished through
a close collaboration between the Wang and Crommie group. The STM work was mainly
done by Shaowei and me while the theoretical calculation was done by Mit in the Louie
group. Part of the discussion is also presented in a published paper(76).

3.2 Local Discharging of Moir¢ Electrons by an STM Tip

We first characterized our gated WSe2/WS: heterostructure via scanning tunneling
spectroscopy (STS) under various charge carrier densities. Figure 3-1A and Figure 3-1C
show plots of the differential conductivity (dI/dV) at the BS*'V and BY'S sites respectively
as a function of both the STM tip bias Vu (for convenience, the STM tip bias notation is
changed to Vb in chapter 3) and backgate voltage V. Here we focus on the electron-
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doped regime of the moiré heterostructure at positive Vg, with the Fermi level located in
the conduction band. The dI/dV spectra show negligible signal for 0 < Vp < 0.4V due to
very small tunneling probability to conduction band-edge states which lie at the K point
of the bottom WS: layer and which feature a large out-of-plane decay constant(64, 77).
At Vb > 0.4 V tip electrons can more readily tunnel into the conduction band Q-point
states which protrude further into the vacuum.

In addition to a general increase in dI/dV signal for Vb, > 0.4 V, we observe sharp
dispersive dI/dV peaks at the different moiré sites (the bright features labeled by blue
arrows in Figure 3-1A and Figure 3-1C). These dispersive peaks can be more clearly
observed in the density plot of the second order derivative (d*1/dV?), as shown in Figure
3-1B and Figure 3-1D. To better understand the origin of these peaks we performed 2D
dI/dV mapping at STM bias voltages of Vb =0.775 V (Figure 3-2A) and Vb = 0.982 V
(Figure 3-2B) for a fixed gate voltage of Vg=45V. In these images, the dispersive dI/dV
peaks in Figure 3-1A and Figure 3-1C correspond to periodic circular rings surrounding
the BS'V sites that expand upon increased V. This behavior can be explained by discrete
charging and discharging events for localized moiré electrons at the BS'V sites,
controlled by the application of Vg and Vb, as discussed below.
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Figure 3-1. Gate-dependent dI/dV spectra measured at different stacking sites. A. BS¥W
site, and C. B¥S site. The bright dispersive features labeled by blue arrows correspond to
tip-induced charging/discharging of electrons at adjacent BS¥W moir¢ sites. To highlight
the dispersive feature, the corresponding second order derivative (d°I/dV?) spectra are
plotted in (B) and (D), respectively.
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Figure 3-2 dI/dV mapping of the WSe2/WS:2 moiré superlattice. A. Vo =0.775V, Vg =
45V and B. Vb =0.982 V, Vg =45 V. The tip-sample distance for the dI/dV mappings is
controlled by the setpoint: Vb = -3V, I =100 pA. Discharge of the moiré electron causes a
dI/dV peak which appears as a circular ring surrounding each BS*'V site in the moiré
superlattice. The periodic discharging rings expand with Vb.

The STM tip plays two roles in the discharging events: (1) First, it acts as a source
electrode for the tunneling current between the tip and the heterostructure, thereby
injecting electrons into the excited states of the conduction band. (2) Second, it acts as a
local gate that can change the charge state of conduction band edge states localized at
BS5W moir¢ sites (illustrated in Figure 3-3). The gain or loss of an electron at a BS*W
moir¢ site modifies the electron tunneling rate between the STM tip and the
heterostructure surface due to the resultant change in Coulomb potential. Charging and
discharging events at the BV sites thus lead to a corresponding jump in the STM
tunneling current and result in sharp peaks in the dI/dV spectra. Similar ring-like
charging behavior has been seen via STM in other nanoscale systems(39, 78-81).
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Figure 3-3 Mechanism of the discharging events. A. Illustration of the experimental
setup (back gate not plotted here). The WSe2/WS2 moiré heterostructure is electron doped
with localized electrons confined in the bottom WS layer. The STM tip bias voltage Vb
has two effects on the heterostructure: (1) It acts as a source electrode for the tunneling
current between the tip and the heterostructure, where electrons are injected to the excited
states in the conduction band. (2) It acts as a local gate that can change the charge state of
the localized electrons at the conduction band edge of the moiré heterostructure, which is
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confined to the WSz layer. The charging state of the localized electrons in the WS: layer
will affect the tunneling current between the tip and the TMD heterostructure through the
Coulomb interaction. B. The effective circuit model showing the dual role played by the
tip, which gates the moiré electron in the WS layer and drives the tunneling current. The
charge distribution of the moiré electron will affect the local tunneling current via its
induced Coulomb potential.

Ab initio calculations show that the WSe2/WS:2 moiré flat band states at the
conduction band edge are strongly localized at the B3V sites in real space (see Figure
3-4). For Vg > 25V, the moiré global filling factor n/no is greater than 1, where n is the
gate-controlled carrier density and no is the carrier density corresponding to a half-filled
moiré miniband with one electron per moiré lattice site. At this gate-voltage there is thus
at least one electron localized at each BS'W site. At positive sample bias, Vb, negative
charge accumulates at the tip and repels nearby electrons, thus causing electrons localized
to BS'W sites to discharge when Vb exceeds a threshold value (see the sketch in Figure
3-5). The efficiency with which the STM tip discharges nearby localized electrons
depends sensitively on their distance to the tip, and thus results in circular discharging
rings for a given Vb (Figure 3-2B). These rings expand continuously with increased Vb
since larger Vb enables the discharge of localized electrons at larger tip-electron distances
(Figure 3-2B). When the tip is inside a discharge ring the circled moiré site is empty
whereas it contains an electron when the tip is outside the ring.
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Figure 3-4 DFT calculation of the WS2/WSe: conduction flat bands. A. DFT-calculated
band structure for the conduction bands and the corresponding density of the states
(DOS). The three lowest-energy flat bands are labeled c1, c2 and c3, respectively. B-D.
Distribution of the local density of states for (B) c1, (C) c2, and (D) ¢3. Each map is
integrated over the energy range indicated by the corresponding green stripe shown in A.
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The three stacking types (AA, BSV, and BV'S) are labeled in the maps. The lowest-
energy flat band (c1) is localized at the BS*'V site.
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Figure 3-5 Sketch of tip-induced moiré electron discharging. The STM tip acts as a local
top gate that modifies the electron energy at nearby B5'W moiré sties and discharges them
for bias voltages greater than a local threshold value.

3.3 Cascade Discharging of Multiple Correlated Electrons

The STM tip can discharge multiple correlated electrons at neighboring moiré sites
in a cascade fashion with increased Vv, thus providing a powerful tool to probe electron
correlation in moiré systems. We have systematically examined the discharge cascade of
correlated electrons in a WSe2/WS:2 flat-band by performing 2D dI/dV mapping of the
moiré pattern as a function of Vb. Figure 3-6 shows the evolution of discharge rings as Vb
is increased from 0.57 V to 1.25 V for fixed Vg = 52 V. The discharge rings expand with
increased Vb and begin crossing each other at Vb = 0.66 V. Near a crossing point, the
STM tip couples effectively to multiple adjacent moiré sites and can generate a cascade
of discharging events. Intricate new patterns emerge as the rings cross each other with
increasing Vb. These patterns differ distinctly from a simple superposition of ever-
increasing rings as expected from a non-interacting picture, thus providing a
manifestation of electron correlation in TMD moir¢ superlattices.
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Figure 3-6 Discharging correlated electrons. A-I. Evolution of moiré¢ discharging rings
with increasing sample bias Vb (gate voltage fixed at Vg =52 V). The rings expand with
increased Vb and intricate new patterns emerge when they cross each other. The complex
patterns indicate discharging cascades of multiple correlated electrons in neighboring
moir¢ sites. dI/dV spectra along the green and yellow lines in (F) are shown in Figure
3-8. Here D and T denote the 2-ring and 3-ring crossing points, respectively. dI/dV
mapping setpoint: Vb =-3V, =100 pA, Vg=52 V. (T =54 K).

The effects of electron correlation on cascade discharging can be more effectively
visualized in position-dependent dI/dV spectra. Figure 3-8A shows position-dependent
dI/dV spectra along the green line in Figure 3-6F. This line passes through a high-
symmetry 2-ring crossing point (marked D) which is equidistant to neighboring BS*Y
sites [ and II. For positions near D sites I and II are both occupied at low Vb (i.e., n =2
where # is the total electron count for adjacent moiré sites). As Vb increases, however, the
tip successively discharges the two sites and » changes from 2 to 1 and then from 1 to 0
as Vb crosses two dI/dV discharge peaks. At D one would expect by symmetry that these
two discharging events should occur at the same value of Vb for a non-interacting picture.
The data of Figure 3-8 A, however, show that these two discharging events occur at
different Vy values, with a discharging gap of AV, = 122 + 9 mV (obtained via high-
resolution dI/dV spectra measured at the discharging ring crossing points, as shown in
Figure 3-7A).
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Figure 3-7 High-resolution dI/dV spectra measured at the discharging ring crossing
points. A. T point, B. D point. The cascade discharging peaks are labeled with blue
arrows. Vy step size < 14 mV.
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Figure 3-8 Correlation effects on cascade discharging of moir¢é sites. A. Position-

dependent dI/dV spectra along the green line shown in Figure 3-6F which passes through
D. dI/dV peaks indicated by bright lines correspond to discharging events where the total
electron number decreases from 2 to 1 and from 1 to 0 from left to right. I and II indicate



the moir¢ sites being discharged as labeled in Figure 3-6F. B. Sketch of simplified 2-site
cluster model for analysis of discharge behavior at D. Unyindicates the nearest-neighbor
Coulomb interaction. C. Calculated energy levels and (D) total electron number () of
cluster ground state as a function of v for the 2-site model. States with different electron
number are labeled by color. The discrete changes of 7 in D correspond to discharge
peaks at B. E. Position-dependent dI/dV spectra along the yellow line shown in Figure
3-6F. This line cut passes through T. Bright lines indicate discharging events at three
distinct bias voltages. F. Sketch of simplified 3-site cluster model for analysis of
discharge behavior at T. G,H. Calculated energy levels (G) and total electron number (H)
of cluster ground state as a function of v for the 3-site model.

Similar behavior can be seen at another high symmetry point, marked T in Figure
3-6F. Here the STM tip is equidistant to three neighboring BV sites marked I, II, and
III, and so the discharge cascade involves three electrons. Figure 3-8E shows position-
dependent dI/dV spectra along the yellow line in Figure 3-6F which passes through T.
Three dI/dV peaks are seen in the spectra, corresponding to a cascade of three
discharging events that decrease the total number of electrons () in sites I-III from 3 to 2
to 1 and then, finally, to 0. At T we observe the voltage difference between the 3—2 and
2—1 discharge peaks to be identical to the difference between the 2—1 and 1—0
discharge peaks within the uncertainty of our measurement: AVy' = 166 mV + 11 mV
(see dI/dV spectra shown in Figure 3-7B).

The cascade discharging and gap splitting at the D and T points directly reflect the
moir¢é electron interactions. To see this in a more clear and quantitative way, we will need
to investigate a more specific model on interacting moiré electrons, which will be
discussed in the next section.

3.4 Probe the Nearest-neighbor Coulomb Interactions

In order to interpret the discharge cascade of correlated electrons in our TMD moiré
system in terms of physically significant parameters, we employ a simplified N-moiré-
site model that includes on-site and nearest-neighbor interactions. The Hamiltonian
describing our system is

N
1
H= Z(ei +vn; + EUNN Z nn;, 3.1
i=1 <ij>

Here Unw is the nearest-neighbor Coulomb interaction term and < ij > only sums over
nearest neighbors and N represents the number of moiré sites close to the tip (equals to 2
or 3 in our system). n; is the electron number at moiré site i, ¢; is the onsite energy at site
i, and v; is the potential energy shift induced by Vvand Vg at site i. v; has the form

v = a; eVb - ﬁi . eVg, (32)

where e = 1.6 X 1071°C, and a; and B; are dimensionless coefficients describing the
electrostatic potential on site i induced by Vb and Vg, respectively. We note that a;
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depends sensitively on the tip position 13, meaning @; = a;(7;). In this model we neglect
intersite hopping due to the small bandwidth of the moir¢ flat band (~5meV). We also
ignore on-site Coulomb interactions since the total number of electrons (n = ); n;) for
sites near the tip is smaller than N and the energy of double occupancy for a single site is
assumed to be prohibitively large. This Hamiltonian is meant to describe electrons in the
lowest conduction band near the tip since higher-energy delocalized electrons are
assumed to be swept away by tip repulsion for Vi > 0.

Our strategy for understanding the discharge phenomena observed here is to explore
the consequences of this Hamiltonian for different electron occupation values n. By
comparing the different total energies, E(n), we can identify the charge occupation, n*,
that has the lowest total energy and we assume that this is the ground state. A discharge
event from the n = n* + 1 state to the n = n* state occurs when E(n*) < E(n* + 1). Since
our measurements primarily involve discharging events, the largest relevant energy is
Unn which eclipses the energy associated with intersite hopping. As a result, the behavior
induced by Eq. (3.1) can be treated within an essentially classical framework (in the
context of discharge phenomena) that is adequate to extract information on the Hubbard
model parameters & and Uny from our data, the main goal of this work.

We start by applying this model to analyze the discharge behavior that occurs when
the STM tip is held at position D. Here the tip is equidistant from sites I and II (the
closest moir¢ sites to the tip) and so we model the moiré system as an N = 2 cluster as
illustrated in Figure 3-8B. The on-site energy (Eq. (3.1)) for sites I and II can be written
as € and the electrostatic potential energy (Eq. (3.2)) for each site is v = ea(r?)V, —
efV, where r” = 3.9 nm is equidistant from sites I and II. Straightforward energetic
considerations allow the N=2 ground state energy for different n to be written as
En=2)=2(+v)+Uyy, Em=1)=¢+v, and E(n = 0) = 0. Figure 3-8C
shows a plot of £(2), E(1), and E£(0) as a function of applied electrostatic potential, v.
Three different regimes can be seen where the ground state energy transitions from an n =
2 charge state to an n = 1 charge state and then to an n = 0 charge state as v is increased.
The boundaries between these different charge states mark the locations of electron
discharging events. The first discharging event happens when E(2) = E(1), which occurs
at the potential v1 = —Uyy — €. The second discharging event happens when E(1) =
E(0), which occurs at the potential v2 = —e. The difference in electrostatic potential
energy between these two discharge events is then Av = vZ — v1 = Uyy. Using Eq. (2)
and assuming that the gate voltage remains unchanged while ramping the bias voltage
(typical for our experiments) allows Unw to be expressed in terms of the first and second
discharge bias voltages: Uyy = ea(r?)(V, — V;) = ea(rP)AV?P.

The discharge cascade behavior when the tip is located at T can be analyzed using
similar reasoning, except for an N=3 cluster instead of an N=2 cluster. In this case
v = ea(r")V, — epV,, where r" = 4.7nm is the distance between T and the three
neighboring BV sites. The resulting energy levels for different 7 are found to be
E(3)=3(+v)+3Uyy,.EQR)=2(e+v)+ Uyy, E(1) =€+ v,and E(0) = 0,
which are plotted in Figure 3-8G. Discharging events in the 3-site moiré system thus
occur at vy = —& — 2Upp, V3 = —€ — Uyy, and v3 = —g — Uy (Figure 3-8H). This
provides an additional means of finding the nearest-neighbor Coulomb interaction energy
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Uyy = v3 — vy = v, — vy = a(rT)eAV by utilizing the voltage difference, AV},
between discharge events at T.

We note that the only unknown quantity here is the tip coupling constant a(r). It is,
however, difficult to directly obtain its value experimentally. We can alternatively

estimate its value through an electrostatic simulation, which will be discussed in Section
3.6.

3.5 Mapping Moiré Potential Fluctuation

A similar analysis can be used to determine variations in the Hubbard on-site energy,
&i, for a moiré superlattice. This comes from the fact that for small Vs the STM tip can
only discharge a single moir¢ site whose energy is described by E(1) = € + v and
E(0) = 0 (i.e., the N=1 limit). In this case, discharge happens when E(1) = E(0), which
occurs when v = —¢. Fluctuations in € are thus directly related to fluctuations in the
discharge potential, §¢ = —8v, which (using Eq. (2)) leads to §¢ = —ea(1:)SV,, where
6V, represents spatial fluctuations in the measured single-site discharge voltage.

This type of behavior can be seen experimentally as shown in Figure 3-9. Figure
3-9A shows a dI/dV map of a pristine region of the WSe2/WS2 moiré superlattice for Vg
=50 V and Vb = 0.465 V. The discharge rings around the B5YY moiré sites are quite
uniform in this defect-free region. This uniformity is also seen in a dI/dV spectra linecut
(Figure 3-9B) that goes through five moir¢ sites along the red line in Figure 3-9A. Figure
3-9C, on the other hand, shows a dI/dV map obtained near a point defect (marked by a
red dot) for a similar set of parameters (Vg =53 V and Vb = 0.740 V). Here the discharge
rings are highly non-uniform (the defect moir¢ site itself does not show a clear discharge
ring for this set of parameters due to the large change in its onsite energy). The
magnitude of the effect of the defect on neighboring moir¢ sites can be seen through
dl/dV spectra (Figure 3-9D) obtained along the red linecut shown in Figure 3-9C. As
seen in Figure 3-9D, the defect causes significant changes in the onsite energies of
adjacent moiré sites. The discharge bias (measured at the discharge ring center, r, = 0) of
sites [ and II, for example, is ~200 mV lower than those for sites III and IV (see blue
dashed line in Figure 3-9D). This implies that the on-site energy shift on sites I and I is
de = a(0)(200meV). Again, the quantity @(0) is unknown here and will be determined
through electrostatic simulation in Section 3.6.
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Figure 3-9 Inhomogeneity of moiré onsite energy. A. dI/dV map of a representative
homogeneous region of the WS2/WSe2 moiré superlattice (Vo = 0.465 V, Vg =50 V). B.
dI/dV spectra measured along the red linecut shown in A. Discharge voltages at moiré
sites [ - V are seen to be nearly uniform. C. dI/dV map of discharge rings close to a point
defect shows strongly non-uniform behavior. Solid red circle marks the position of the
point defect (Vb =0.740 V, Vg =53 V). D. dI/dV spectra measured along the red linecut
shown in (C). A significant reduction in discharge bias is observed for sites I and II near
the defect. Tip-sample distance is determined by the setpoint: Vb =-3V, 1 =100 pA.

3.6 Determination of the tip coupling coefficient «;

As we have already mentioned above, a problem with our characterization of moiré
Hubbard parameters up to now is that we cannot convert them to quantitative energies
until we determine a(r;), the geometric electrostatic conversion factor of Eq. (2). We
require a(r?), a(rT),and a(0) to quantitatively determine Uny and 8&. We can gain
some experimental insight into the behavior of a(r;) from the slopes of the lines
representing discharge peaks in the dI/dV plots of Figs.1d Figure 3-1A andFigure 3-1B.
The condition for discharge in these plots is v = a (1) - eV}, — f - eV, = —C, where C'is

_a(r)

a constant independent of Vs and V,. This can be rewritten as 1, = 3 v, + é , which

defines the linear discharge traces observed in Figs. 1d and le. The experimental slope

of the discharge traces thus yields the ratio % This does not provide the precise value

of a(r;) (since the back-gate factor fis still unknown), but by assuming that fis constant
we can experimentally determine the proportionality of a(r;) for different tip locations
from the slopes of the discharge traces at those locations. We have done this for points D,
T, and BV, thereby enabling us to determine the ratios a(r?) : a(rT) : @(0) = 0.53 :
0.39: 1.

Obtaining a quantitative value of a(r;), however, remains difficult since the
magnitudes of @(r;) and £ depend on non-universal details of the experimental setup.
They involve, for example, capacitive coupling between the tip, back gate, and different
layers of our device heterostructure. To overcome this problem, we utilized the
COMSOL software package to numerically solve Poisson’s equation for our specific
device geometry.
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Here we describe our determination of the values of a and f through the use of
electrostatic simulations. The system geometry of our model is illustrated Figure 3-10A.
The STM tip is approximated as a metallic cone with half angle 8.The apex-sample
distance is H. The WS2/WSe: heterostructure is approximated by two separate regions.
The first region is a circular area with radius Rhole surrounding the moir¢ sites of interest
(MSOI). The charge configuration in this region is set by the charging/discharging events
described in the main text. The second region is the area outside the circle. The carrier
doping in this region is relatively high and we can approximate it as a thin metal sheet.
The Si back gate is regarded as an infinitely large metal plate and is separated from the
TMD heterostructure plane by a distance d=320nm. The dielectric constants for the space
above and below TMD heterostructure are assumed to be 1 (vacuum) and 4.2 (hBN and
Si102).

As mentioned in the main text, the potential energy shift v induced by Vb and Vg has
the form described by Eq. (3.2). We determine the values of a and f via the following
method: first, to determine a we ground the tip and the metallic plane and apply a 1V
potential to the Si back gate. The value of the induced electric potential at the position of
the moiré electron (dot at the hole center) then equals a. To determine S8, we ground the
Si back gate and the metallic plane and apply a 1V potential to the tip. The resulting
value of the electric potential at the hole center then equals £.

Here we describe how to interpret the simulation results and compare them to the
experimental data. Our simulation results should be fitted to the variation of the slopes of
the dispersive discharging peak (for example Figure 3-1) that equals to a(r;)/f . When
the tip is close to the MSOI (for example at r=0) both H and 6 significantly impact «.
However, when r; is large, the impact of the tip height, H, on « is negligible since H
plays a negligible role in determining the distance between MSOI and the tip apex.
Therefore, the shape of the curve a(r;)/f vs 1; can help us to choose the correct H and
to match our experimental results. Finally, the radius of the hole Rnole determines the
screening strength of the surrounding TMD heterostructure on the external potential
applied by the tip and the back gate. The value of Rnole therefore does not significantly
affect the shape of the curve a(r;)/f vs 1; (as long as 1, is smaller than Rnole (in order of
magnitude as the moiré period), a condition that is satisfied here).

Our electrostatic simulations were performed using COMSOL. The distribution of
a(ry) /B as the function of r; is well reproduced by using the following parameters: 6 =
30°, H=0.8 nm, and Rhole=8nm. Figure 3-10B shows the simulated « (blue) and
(orange) as functions of ;. As expected, [ has a negligible change with the increase of
1;. The simulated ratio a(7;)/f is plotted in Figure 3-10C (orange curve) and is seen to
compare well to the experimental data for a(r;)/f (blue dots). The simulation yields
a(r’) = 0.18, a(r?) = 0.16, and a(0) ~ 0.33, with their ratio a(r?) : a(*T) : a(0) =
0.55 : 0.49 : 1 in reasonable agreement with the experimental ratios above.
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Figure 3-10 Electrostatic simulation of @ and 5. A. Electrostatic model of the tip-moiré
system. The tip apex is taken as a metallic cone with half angle 8 and height H above the
moir¢ site of interest (MSOI). The surrounding TMD heterostructure is assumed to be an
infinitely large metallic plane with a hole of radius Rhole around the MSOI (the dot
located at the hole center). The Si back gate is regarded as an infinitely large metal plate
and is separated from the TMD heterostructure plane by a distance d=320nm (not shown
in A). B. Simulated « (blue) and 8 (orange) as functions of 7. As expected, [ is seen to
be nearly independent of 7, in our simulation range. C. Experimentally measured (blue
points) and simulated (orange curve) values of a(r;)/f as a function of ;.. The
experiment and simulation show good agreement for the values H= 0.8 nm, 8 = 30°,
and Rnole = 8 nm.

3.7 Results and Discussion

After obtaining the value of a(r), we can extract a quantitative value of Unyv =22 +
2 meV from our measurements at D and Uny = 27 £+ 2 meV from our measurements at T.
These two values of Unw are in reasonable agreement with each other, a self-consistency
check that helps to validate our overall approach. We are also able to determine the
fluctuation in onsite energy of sites I and II around the point defect in Fig. 4c to be
6 ~ 65 meV.

The expected value of Unn can be roughly estimated by considering the energy
difference associated with the initial position (7;) of the discharging electron and its final
position () after discharge. For an electron being discharged from the N=2 cluster
discussed above for point D, the initial electrostatic energy is E (7;) = e

ATeeffE0 Im
(assuming each moiré site contains one electron). In order to discharge, an electron need
only escape a screening distance away from the STM tip. Although the screening
distance is difficult to determine accurately, since only two lattice sites participate in
discharge events at D (Fig. 3a) we can estimate it to be on the order of /». An electron

thus needs only to hop a distance ~/n to escape, thus placing the electron in some final
2
configuration with a residual Coulomb energy of the order of neT’ where 1 - L, is the
‘‘m

distance of the escaped electron from the remaining electron. Taking 7 to be
approximately 2, the electron’s energy difference is then Uyy = E(7;) — E (Ff) ~

1 e? e? 1 e? . . . .
— (— - —) = - —. Here the effective dielectric constant is €,¢r =
4ATeeffEQ lm 2lm Ameefren  2lm
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%(evac + eppn) Where €, = 1 and €,y 1s the dielectric constant of hBN. Since the

dielectric constant of hBN is anisotropic, we approximate it as €py = > (e, + €) where

€, =4 and ¢ = 7 are the out-of-plane and in-plane hBN dielectric constants,
respectively(82).

Taken together, these parameters yield an expected value of Unn = 30meV,
reasonably consistent with our experimental value of Unn = 25meV obtained by
averaging the Unn values measured at D and T. We note that this value of Unn is
significantly larger than the bandwidth ' = 5SmeV obtained from ab initio calculations of
the conduction miniband for WSe2/W Sz moiré heterostructures (Figure 3-4A). This
confirms that WSe2/W Sz heterostructures lie in the strongly correlated limit, consistent
with previous observations of the extended Wigner crystal states in TMD moiré
superlattices(48, 83-85).

3.8 Summary and Outlook

In this chapter, we have demonstrated a new technique for imaging and manipulating
the local charge state of correlated electrons in gated WS2/WSe2 moiré superlattices using
the tip of an STM. Observation of a cascade of local electron discharging events enables
us to obtain key microscopic parameters of the extended Hubbard model that describes
this moiré system. This technique should be broadly applicable to other types of moiré
systems, offering a powerful new tool for microscopic characterization and control of
correlated electrons in moiré superlattices.
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4 Imaging Two-dimensional Generalized Wigner
Crystals

4.1 Introduction and Background

In Chapter 2 and 3 we have studied the orbitals and interactions of electrons in the
TMD moiré superlattice. However, the resulting emergent quantum phases of multiple
corelated moir¢ electrons such as correlated insulators or even electron crystals have not
been explored microscopically yet. In this chapter, we will try to explore how the electron
Coulomb interactions can greatly modify their collective behavior and induce new exotic
quantum phases of matter such as the Wigner crystal.

A Wigner crystal is the crystalline phase of electrons stabilized at low electron
density where long-range Coulomb interactions dominate over quantum fluctuations in
electron motion. The long pursuit of Wigner crystals(48, 74, 83, §6-91) has motivated the
study of 2D electron gases at high magnetic field where electron kinetic energy is
quenched by degenerate Landau levels(92, 93) and has led to the discovery of new
quantum hall states(94, 95). Electrical transport signatures of Wigner crystal states have
been reported in extremely clean GaAs/AlGaAs quantum wells(86, §7) as well as
graphene(88) at sufficiently low doping and high magnetic field. Signs of Wigner
crystallization have also been detected for electrons trapped at the surface of liquid
helium(96-99). Recently, the discovery of moiré flat minibands in van der Waals
heterostructures has opened a new route to realize Wigner crystal states at zero magnetic
field(/00). Several optical and conductance measurements have provided evidence of
rich generalized Wigner crystal states (generalized on a lattice background(33)) in
different TMD moir¢é superlattices(48, 74, 83, 90). This evidence for 2D Wigner crystals,
in the form of new transport and optical responses at fractional charge filling factors, is
indirect and could potentially be explained by other quantum phases such as fractional
quantum Hall states(94). The most direct evidence of 2D Wigner crystals would be real-
space imaging of the 2D electron lattice, which has remained an outstanding
experimental challenge.

Real-space imaging of 2D Wigner crystals places stringent requirements on the
measurement technique. It must simultaneously have high spatial resolution, high single-
electron sensitivity, and low perturbation to the electron lattice. The last two requirements
conflict with each other since high sensitivity requires strong coupling to the Wigner
crystal whereas a low perturbation requires weak coupling. For example, conventional
STM measurements have excellent spatial resolution and charge sensitivity but can be
highly invasive since inevitable tip-gating effects can destroy the delicate Wigner crystal
lattice. Here we utilize a novel STM measurement scheme that strikes a balance between
these two competing requirements, thus enabling real-space imaging of the n=2/3, n=1/2,
and n=1/3 2D Wigner crystal states in WSe2/WS2 moiré heterostructures.
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The work described in this chapter is mainly finished by Shaowei and me with supports
from the Wang, Crommie group. Part of the discussion is also presented in a published
paper(101).

4.2 STM Imaging Through a Sensing Layer

As mentioned above, imaging the fragile electron crystalline phases requires a
technique that is sufficiently non-invasive, while conventional STM measurement may
not satisfy this stringent requirement. To overcome this issue, we developed a new
sensing-layer-assisted STM imaging method. Our new STM scheme employs a specially
designed van der Waals heterostructure as illustrated in Figure 4-1A (the sample
fabrication method is similar to the one described in Chapter 2). It integrates a gated
WSe2/WS2 moiré heterostructure and a top graphene monolayer sensing layer that are
separated by a hexagonal boron nitride (hBN) layer with a thickness dt = Snm. This
separation is small enough that the STM tip and graphene layer can efficiently couple to
individual moiré electrons in the WSe2/WS2 superlattice (moiré lattice constant ~8nm),
but still large enough that the tip and graphene layer remain non-invasive with respect to
the delicate Wigner crystal states. STM tunneling current into the graphene sensing layer
can be modulated by the charge states of different moir¢é sites in the WSe2/WS:2
superlattice through local Coulomb blockade effects(/02). This technique allows us to
detect the local charge distribution in the WSe2/WS: heterostructure and to image the
embedded Wigner crystal lattice.

Figure 4-1B shows a typical large-scale topography image measured on the top
graphene surface. The top graphene and hBN layers cover the WSe2/WS2 heterostructure
conformally and inherit the topography of the 3D reconstructed moiré superlattice(64)
below. Figure 4-1C shows a zoom-in topographic image corresponding to the red dashed
box area in Figure 4-1B. A red rhombus labels the primitive cell of the moiré superlattice
with the four high points corresponding to AA stacking regions and the two inequivalent
low points corresponding to distinct AB stacking regions (denoted AB:1 and AB2)(64).
However, we are not able to distinguish which AB stacking region corresponds to the
BS¢W or BV site at this stage due to their similar topographic features and the hBN
covered on it forbidding the direct STS measurement of the underlying TMD layer. The
measured moiré lattice constant is LM = 8nm, yielding a near 0° twist angle through the

formula Ly, = = where § = (a —a’ )/a is the lattice mismatch, a = 3.153 A and

a
NrEavE
a’ = 3.28 A are the atomic lattice constants of the WS2 and WSe2, respectively(103).

The WSe2/WS: heterostructure is dual-gated by the top graphene sensing layer (top
gate) and the silicon substrate (back gate) (Figure 4-1A). The top gate dielectric is
defined by the top hBN flake (d: = 5Snm) while the bottom gate dielectric is defined by a
combination of SiO2 (dsio2 = 285nm) and hBN (d» = 70nm). The carrier densities in the
WSe2/WS:2 heterostructure and the top graphene can be controlled independently via the
top gate voltage, Vrc, and bottom gate voltage, Vsc (due to the presence of two different
gate voltages in this work we denote them in a way that is different from the previous
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chapters). In this study we mainly focus on the electron-doped regime of the WSe2/WS2
heterostructure.

A

Mono-Gr

N

Figure 4-1 STM measurement of a dual-gated WSe2/WS2 moiré superlattice through
sensing layer. A. Schematic of the dual-gated WSe2/WS2 moiré heterostructure device.
The top hBN thickness (5nm) is slightly smaller than the moir¢ lattice constant (8nm).
Top gate (V1) and bottom gate (VBc) voltages are applied to separately control the
carrier density in the WSe2/WS: heterostructure as well as the top graphene sensing layer.
B. A typical large-scale topography image measured on the top graphene surface. Vbias =
180mV and I = 300 pA. C. Zoom-in image of the red dashed box in (B). The red
rhombus labels a primitive cell. Peaks correspond to AA stacking regions and the two
inequivalent low points correspond to distinct AB stacking regions (denoted AB1and
AB»).

4.3 Spectroscopic Signatures of Generalized Wigner Crystals

We first try to probe the signatures of strongly correlated states in the WSe2/WS2
through scanning tunneling spectroscopy. For Vrc = 0, the Fermi level is within the band
gap for the WSe2/W'S:2 heterostructure (see illustration in Figure 4-2A). In this case,
tuning Vsc dopes charge carriers exclusively into the graphene layer. Figure 4-2B shows
a 2D plot of the STM differential conductivity (dI/dV) spectra of graphene at Vrg = 0 for
different values of Vig. The dispersive feature labeled by the white dashed line shows the
evolution of the graphene charge neutral point (CNP) in response to the electrostatic
doping from Vsa(40, 78, 104). The persistent gap near Vuias = 0 arises from an inelastic
tunneling gap that occurs at all gate voltages and causes the graphene CNP curve to
abruptly shift as it ramps through the zero-bias region(40, 104).

We can dope electrons into the WSe2/WS: heterostructure by applying a positive
V16 such that the WSe2/WS: heterostructure Fermi level lies near the conduction band
edge (see illustration in Figure 4-2C). Here we choose V16 ~ 0.5V so that the WSe2/WS2
heterostructure can be electron doped while the graphene sensing layer remains close to
charge neutral. The reason for doing this is that the resulting small density of states for
graphene provides the highest sensitivity for imaging Wigner crystal states in the moiré
superlattice. Charge neutral graphene also has less of a screening effect on the moiré
electron-electron interactions due to the long screening length of Dirac electrons at the
CNP(105). Fig. 1g shows the resulting dI/dV spectra as a function of Vsg at a fixed Vrc
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= 0.53V. This panel corresponds to the same (VBG, Vbias) phase space outlined by the
dashed white box in Fig.le, but for nonzero Vra.

Figure 4-2D shows that the graphene is hole-doped at Vss < 7V, while the
WSe2/WS:2 heterostructure cannot be hole-doped under these conditions given the band
alignment shown in Figure 4-2C. The graphene hole doping leads to dispersive
movement of the graphene CNP at Vg < 7V (denoted by the white dashed line in Figure
4-2D). Electron doping for Vec > 7V, however, leads to very different behavior. In a
non-interacting single-particle picture, the electron doping would occur predominantly in
the WSe2/WS:2 heterostructure because its density of states (DOS) is orders of magnitude
larger than the graphene DOS at the Dirac point. Therefore, one would expect the
graphene Fermi energy to stay fixed near the Dirac point, as illustrated by the vertical
dashed line at Vsc > 7V. Experimentally, however, we observe a non-trivial shift of the
graphene CNP with respect to the Fermi energy at different Vsc values. The graphene
layer undergoes electron doping when the WSe2/WS: heterostructure experiences
fractional filling of the moiré superlattice with n=1/3, 1/2, 2/3, and 1 (black dashed lines
in Figure 4-2D). Figure 4-2E displays a vertical line-cut of the gate-dependent dI/dV
spectra at Viias = 0.1V, showing clear peaks at these fractional fillings. These features
signify the correlated gaps in the WSe2/WS2 Mott insulator state at n=1 as well as the
generalized Wigner crystal insulator states at n=1/3, 1/2, 2/3. This is because the
correlated gaps make the WSe2/WS: heterostructure electronically incompressible and so
electrons are electrostatically forced into the graphene sensing layer. Similar effects have
been observed for capacitance and single-electron-transistor measurements of electronic
compressibility in different van der Waals heterostructure systems(25, 42, 106-108). Our
STM configuration thus provides a new technique for mapping the local electronic
compressibility of correlated insulating states in moiré superlattices. After observing the
spectroscopic signatures of these generalized Wigner crystal states, then an natural
following idea is to directly map them spatially, as discussed in the next section.
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Figure 4-2 STS signatures of correlated states in the WSe2/WS2 moiré heterostructure. A.
Schematic of the heterostructure band alignment and Fermi levels for V1 = 0 and Ve >
0. At zero Vg, the Fermi level of the WSe2/WS: heterostructure is located in the band
gap. B. Vsg-dependent dI/dV spectra measured on the graphene sensing layer over an AA
stacking site for Vrg = 0. The dispersive feature marked by the white dotted curve shows
the evolution of the graphene charge neutral point (CNP) induced by electrostatic doping
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from Vaa. The persistent gap near Viias = 0 arises from an inelastic tunneling gap that
exists at all gate voltages. Due to this inelastic tunneling gap, the graphene CNP curve
shows an abrupt shift as it shifts over the zero-bias region. The tip height was set by the
following parameters: Vbias =-300mV and I = 100 pA. C. Schematic of the
heterostructure band alignment and Fermi levels for Vrc > 0 and Vs > 0. Application of
an appropriate positive Vg allows the Fermi level of the WSe2/WS: heterostructure to be
lifted into the conduction band. D. Veg-dependent dI/dV spectra measured on the
graphene sensing layer over an AA stacking site for Vrg = 0.53V. This is a zoom-in of
the electron doped regime corresponding to the phase space denoted by the white dashed
box in e. The graphene is hole-doped in the region below the horizontal dashed line (Vsc
<7V), and the WSe2/WS: is electron-doped in the region above it (Veg> 7V). The
vertical white dash curve indicates the expected movement of the graphene CNP for a
non-interacting picture. Significant electron doping of the graphene layer takes place at n
=1/3, 1/2, 2/3, and 1 (denoted by horizontal black dashed lines in (D)). The tip height
was set by the following parameters: Vbias = -200mV and I = 100 pA. E. Vertical line-cut
through the Vsg-dependent dI/dV spectra in (D) at Vbias = 0.1V shows peaks at n=1, 2/3,
1/2, and 1/3.

4.4 Real-space Imaging of Generalized Wigner Crystals

To be able to directly image the 2D electron crystal for the first time would be one of
the most exciting parts of this work. Real-space imaging of the 2D electron lattice of the
Mott insulator and Wigner crystal states was performed through 2D dI/dV mapping of the
graphene sensing layer, as illustrated in Figure 4-3A. The Mott and Wigner crystal states
form periodic electron lattices in the WSe2/WS2 moiré heterostructure that couple to the
graphene sensing layer and STM tip through long-range Coulomb interactions. The
tunnel current between the STM tip and the graphene layer will vary spatially depending
on the charge state of the WSe2/WS2 moiré site below the STM tip. As a result, the
electron lattices of the Mott and Wigner crystal states can be imaged as periodic lattice
structures in 2D dI/dV mappings of the graphene sensing layer.

Figure 4-3B displays the topographic image of a typical region of the WSe2/WS2
moir¢é superlattice. The triangular lattice formed by the AB: stacking sites have been
marked with solid red dots. This region exhibits a lattice that is free of distortion or
atomic defects, an essential condition for observing Mott and Wigner crystal states with
long-range order.

Figure 4-3C shows a dI/dV mapping of the graphene layer when the WSe2/WS2
moiré heterostructure is in the n = 1 Mott insulator state (Vbias = 160mV, Vs = 30V, and
V16 = 0.53 V; see Methods for more measurement details). A highly ordered triangular
lattice of bright features can be clearly observed that corresponds to the AB1 stacking
sites of the moiré superlattice. Such AB.1 stacking sites are illustrated as red dots in Figure
4-3B. Since the AB1 and AB: stackings sites are similar in topography, the centering of
the bright features in Fig. 1c on the AB: stacking sites implies that these features do not
originate from topography, but rather from the underlying electron lattice of the Mott
insulator state. This is consistent with previous work showing that conduction flat band
electrons in the WSe2/WS2 moiré heterostructure are localized at one of the AB stacking
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sites(/02). Figure 4-3D displays the fast Fourier transform (FFT) image of the dI/dV map
in Figure 4-3C, showing sharp diffraction points associated with the electron lattice of the
Mott insulator state. The reciprocal unit vectors of the moiré superlattice are marked by
green dots in the FFT image and are seen to overlap perfectly with the lowest order
diffraction points of the Mott insulator electron lattice.

We next imaged the generalized Wigner crystal states at fractional fillings. Figure
4-3E shows the dI/dV mapping of the n = 2/3 generalized Wigner crystal state (Vbias =
160mV, Vg =21.8V, V16 = 0.458 V). FFT filtering has been performed on this and
subsequent Wigner crystal images in Figure 4-3 to suppress periodic features associated
with the moiré superlattice (i.e., the green dots in Figure 4-3F). The n = 2/3 dI/dV map
exhibits a honeycomb lattice with lattice constant v/3L,,. This is consistent with 2/3 of
the available AB: sites being filled with electrons (i.e., the solid red dots located in bright
regions of the image) and the other 1/3 AB; sites being empty (i.e., the open red circles
located in dark regions of the image) so as to minimize total nearest-neighbor
interactions. Such a honeycomb lattice matches previous predictions(48, 74, 83, 90) and
confirms the existence of generalized Wigner crystal states where moiré electrons are
stabilized by long-range Coulomb interactions and exhibit well-defined 2D crystalline
order. The corresponding FFT image (Figure 4-3F) demonstrates the emergence of a new
lattice: six sharp diffraction points associated with the generalized Wigner crystal lattice
appear inside the reciprocal unit vectors (green dots) of the moiré superlattice.
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Figure 4-3 Imaging Mott and generalized Wigner crystal states. A. Schematic shows
imaging of correlated states in a WSe2/WS2 moiré superlattice beneath a graphene
sensing layer. dI/dV maps are acquired at the top graphene surface. B. A typical STM
topographic image of the moiré superlattice shows a perfect lattice without distortion or
defects. The triangular lattice formed by the AB1 stacking sites is marked by solid red
dots. C. dI/dV map of the n = 1 Mott insulator (Vbias = 160mV, Ves =30V, Vrc = 0.53
V). The triangular lattice formed by the AB: stacking sites is labeled with red dots. D.
Fast Fourier transform (FFT) of the image shown in (C). The reciprocal unit vectors of
the moiré superlattice are labeled by green dots. E-J. dI/dV maps of the generalized
Wigner crystal states for different electron fillings and their corresponding FFT images:
E. dI/dV map of n = 2/3 state (Vbias = 160mV, Ve = 21.8V, V1 = 0.458 V). F. FFT of n
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= 2/3 state shown in (E). G. dI/dV map of n = 1/3 state (Vvias = 130mV, VBc = 14.9V,
V16 =0.458 V). H. FFT of n = 1/3 state shown in (G). I. dI/dV map of n = 1/2 state (Vbias
= 125mV, Vsc = 18.7V, V16 = 0.458 V). J. FFT of n = 1/2 state shown in (I). FFT
filtering was performed in the Wigner crystal images (E-J) to suppress the periodic
features associated with the moiré superlattice (i.e., green dots in (F,H,J); see Methods
for unfiltered images). Electron-filled AB; sites are labeled with solid red dots and the
empty ABi sites are labeled with open red circles in the real-space images (E,G,I). The
locations of the reciprocal unit vectors of the moiré superlattice are marked by green dots
in (F,H,J).

Figure 4-3G and Figure 4-3H show the dI/dV map and corresponding FFT image,
respectively, of the n=1/3 generalized Wigner crystal state (Vbias = 130mV, Vg = 14.9V,
V16 = 0.458 V). The real-space image demonstrates a new triangular electron lattice
associated with a Wigner crystal state where 1/3 of the available AB; sites are filled with
electrons (solid red dots) and the other 2/3 AB; sites are empty (open red circles). The
FFT image shows a clear diffraction pattern of the generalized Wigner crystal state with a

lattice constant of v/3L,,. The n = 2/3 and n = 1/3 states have similar diffraction patterns
since they share the same primitive cell and are linked by a particle-hole transformation.

Figure 4-31 shows a dI/dV map of the n = 1/2 generalized Wigner crystal state (Vbias
=125mV, Vg = 18.7V, and V16 = 0.458 V). The image reveals unambiguously that the
C3 symmetry of the host moiré superlattice is spontaneously broken for this generalized
Wigner crystal state. The n = 1/2 state features a stripe symmetry with electrons (solid red
dots) filling the AB; sites in alternating lines (empty sites are marked by open red

circles). The lattice constants of this stripe phase are L, and V3L, along the parallel and
perpendicular directions, respectively. The corresponding FFT image in Figure 4-3]J
shows a rhombus-like reciprocal unit vectors, further confirming the broken symmetry of
this stripe phase for the n = 1/2 generalized Wigner crystal state.

The n=1/2 generalized Wigner crystal state is predicted to be highly degenerate, with
multiple electron lattice configurations having the same energy in the case of only
nearest-neighbor interactions(83). The spontaneous broken symmetry of the n = 1/2 state
might therefore be governed by higher-order effects, such as next-nearest-neighbor
interactions and/or accidental strain in the lattice (uniaxial strain ~ 0.39%, as shown in
Figure 4-4). We have also noticed that the n = 1/2 electron lattice is more fragile than the
n = 1/3 and 2/3 states.
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Figure 4-4 Uniaxial strain of the moiré superlattice. A. Topography image shown in
Figure 4-1B. Three height line profiles (p1-3) labeled with red arrows in (A) are plotted
in (B), and the corresponding fast Fourier transform results are shown in (D). The
different wavevector amplitudes along the three different directions reflect the moiré
superlattice uniaxial strain. A 3.9% uniaxial strain is present within the moiré
heterostructure.

4.5 First Trial on Exploring the Imaging Mechanism

We last present a short discussion about the imaging mechanism underlying the
dI/dV mapping of generalized Wigner crystal lattices assisted by a graphene sensing
layer. As illustrated in Figure 4-3A, the STM tunneling current into the graphene layer
can be coupled to moir¢ electrons below the tip through long-range Coulomb
interactions. This coupling can affect the tunnel current in two different ways: (1) the
localized moiré electrons can induce local band bending in the graphene sensing layer,
thus changing the graphene local density of states and hence the dI/dV signal. (2)
application of Vuias can discharge the moiré electron right below the tip once Vbias
exceeds a threshold value. This mechanism is helped by the fact that electrical screening
by the top monolayer graphene is weak when its Fermi level is close to the Dirac point. A
resulting moiré electron discharging event could then lead to a sudden increase in the
STM tunneling current due to the elimination of the Coulomb blockade effect, hence
contributing to a stronger dI/dV signal(/02).

To distinguish between these two mechanisms, we systematically examined the
dI/dV map evolution with changing Vuias. Figure 4-5 show dI/dV maps of the n = 2/3
Wigner crystal state as Vbias is increased from 130mV to 190mV. No FFT filtering was
performed on these images. The honeycomb lattice associated with the n = 2/3 state is not
so clearly seen at Vbias = 130 mV (Figure 4-5A) but emerges when Vbias is increased to
145 mV (Figure 4-5B). The dominant features are the bright dots centered on the AB:
stacking sites. These features expand with increased Vvias (Figure 4-5C) and ultimately
form ring-like features (Figure 4-5D and Figure 4-5E). Such behavior (i.e. expanding
rings with increased tip bias) is characteristic of tip-induced electrical discharging
rings(39, 79-81, 102) and occurs because electrical discharging for larger tip-electron
distances requires larger tip biases. This indicates that mechanism (2) discussed above is
the dominant contrast mechanism for imaging Wigner crystal lattices in our dI/dV maps.
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The STM tip locally discharges the moiré electron localized at the AB: site closest to the
tip apex once Vuias is large enough and the tip-electron distance is short enough. This
enables discharge features centered around filled AB: sites to be observed in dI/dV maps
of the graphene sensing layer. A more detailed exploration on the imaging mechanism
and its application in probing more physical properties of the generalized Wigner crystal
states will be discussed in the next chapter.

Figure 4-5 Evolution of dI/dV maps for the n = 2/3 state with increased Vbias. dI/dV
maps of the n = 2/3 generalized Wigner crystal state measured for (A) Vbias = 130mV, (B)
Vbias = 145mV, (C) Vbias = 160mV, (D) Vbias = 175mV, and (E) Vbias = 190mV. Gate
voltage parameters: Ve = 21.8V, Vrg = 0.458 V. All five maps are measured in the same
region and no filtering has been performed. The map in (C) (Vbias = 160mV) shows the
same data as Figure 4-3E, but with no filtering. The red dot labels one typical electron-
filled AB1 site where a discharging ring can be observed that gets larger with increased
Vbias (2 common characteristic of discharging phenomena).

4.6 Summary and Outlook

In conclusion, our new STM imaging technique combines high spatial resolution and
sensitivity with minimal perturbation and allows direct imaging of 2D generalized
Wigner crystals in real space. This technique should be generally applicable to a wide
variety of van der Waals moir¢ heterostructures and provides a powerful tool for imaging
real-space electron configurations of novel correlated quantum phases in 2D systems.

51



5 Mapping Charge Excitations in Generalized
Wigner Crystals

5.1 Introduction and Background

In Chapter 4 we discussed imaging generalized Wigner crystals with a new sensing-
layer assisted STM technique. However, at that stage we only know that the probe relies
on a long-range Coulomb interaction between the electrons in the underlying TMD layer
the tip-graphene tunneling junction. However, a full understanding of the imaging
mechanism is still lacking which hence hinders its further application in measuring more
quantitative properties of the generalized Wigner crystals as well other fragile correlated
states. Therefore, in this chapter we will uncover the imaging mechanism and show that it
is essentially a local thermodynamic measurement of the correlated states. Particularly, it
could be one of the thermodynamic probe methods with the highest spatial resolution.

As mentioned previously, a variety of generalized Wigner crystal states have been
reported in transition metal dichalcogenide (TMDC) moiré superlattices(48, 73-75, 101),
and real-space imaging of the electron lattice of generalized Wigner crystals has been
performed using a new form of non-invasive STM imaging(/01/). A microscopic
understanding of elementary excitations in generalized Wigner crystal, however, is still
lacking. Theoretical studies predict that unusual quasiparticle excitations across the
correlated gap between upper and lower Hubbard bands can arise due to long-range
Coulomb interactions in generalized Wigner crystal states(68, 100, 109). However,
because of the fragile electron lattice and small energy scale, it is challenging to image
quasiparticle (e.g., electron/hole) wavefunctions and to spectroscopically determine the
correlated gaps of generalized Wigner crystals.

Several scanning probe microscopy techniques have previously been developed to
probe fragile correlated states, such as scanning charge accumulation microscopy(//0-
112) and scanning single-electron transistor microscopy(23, 26, 42). The spatial
resolution of these microscopy tools, however, is typically limited to ~100nm, and so is
not sufficient to image generalized Wigner crystal quasiparticle states at the single unit
cell level. Here we describe a new scanning single-electron charging (SSEC)
spectroscopy that has ~1 nm spatial resolution as well as single electron sensitivity. SSEC
spectroscopy technique combines STM with a monolayer graphene sensing layer and
enables local manipulation of individual electron- and hole-quasiparticles in generalized
Wigner crystals via STM tip-based local gating. It enables direct visualization of
quasiparticle excitations and spectroscopic determination of the thermodynamic gap of
generalized Wigner crystals. Using this technique, we observe that electron and hole
quasiparticles excitations exhibit complementary wavefunction distributions and that
thermodynamic gaps of order 50meV exist for the 1/3 and 2/3 generalized Wigner crystal
states.

The work described in this chapter is mainly finished by Ziyu and me with supports
from the Wang, Crommie group.
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5.2 Principle of Scanning Single-electron Charge Spectroscopy

To demonstrate the new SSEC spectroscopy, here we investigate a device with
similar configuration to the one studied in Chapter 4. Figure 5-1A shows the sample
design and the measurement scheme. We note that here the sample is a near-60° twisted
WSz (t-WS2) moiré heterostructure encapsulated in hBN layers which is different from
the 0°-degree-aligned WSe2/WS2 moiré heterostructure used in Chapter 3 and 4. The
near-60° twisted WS2 exhibits stronger moiré potential and flatter moiré minibands(77),
making its correlated physics easier to observe. Similarly, it is dual gated by a monolayer
of graphene on top (the top gate) and graphite on the bottom (the bottom gate). The hBN
dielectric layer thicknesses for the top and bottom gates are 5.8nm and 37nm,
respectively. The sample fabrication shares the same method as the one used in Chapter
4. Similarly, the charge carrier densities of the t-WS: and the top graphene sensing layer
are tuned independently by applying a bottom gate voltage Vs and a top gate voltage
V16. A bias voltage (Vbias) 1s applied between the graphene top gate (otherwise known as
the sensing layer) and the STM tip. Application of Vuias allows electrons in the t-WS2
moir¢ heterostructure to be manipulated by local tip-gating and to be detected through
charging events measured via the tunnel current to the graphene sensing layer.

Conventional STM measurement of the graphene sensing layer provides information
on the corrugation of the heterostructure sample as shown in Figure 5-1B. The thin top
graphene and hBN bend conformally and thus inherit the topography of the t-WS2 moiré
superlattice. Two sets of moiré superlattices with distinct periods are observed. The larger
periodicity (9 nm) originates from the t-WS2 moiré superlattice which has a twist angle of
58°, while the smaller periodicity (~1.5 nm) corresponds to the moiré superlattice formed
by the top graphene and hBN which has a twist angle of 9.6°. The 58° t-WS2 moiré¢
superlattice exhibits a triangular lattice with three types of high symmetry stacking
regions in each unit cell: a bright region (B%S stacking), a dark region (AB stacking), and
a medium height region (B stacking)(77) (see Figure 5-1B inset). The bonding
arrangements of the BSS, AB, and BMW stacking orders are sketched on the left side of
Figure 5-1B.
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Figure 5-1 SSEC spectroscopy measurement of a moir¢ superlattice. A. Schematic of the
dual-gated near-60° twisted bilayer WSz (t-WS2) moiré superlattice device. The top hBN
thickness (5nm) is slightly smaller than the moiré¢ lattice constant (9nm). Top gate (V16)
and bottom gate (VBc) voltages are separately applied to independently control the carrier
densities in the t-WS: superlattice and top graphene sensing layer. B. A typical large-
scale topography image of the top graphene (Vbias = -0.62V and I = 150 pA). Three
different stacking regions are labeled in the close-up image in the inset: BSS stacking
(pink dots), AB stacking (yellow dots), and BY'WV (red dots). The structures of the BSS,
AB, and BY'V stacking are illustrated in the left panel.

Figure 5-2 illustrates the dual role of the STM tip in SSEC spectroscopy. In Figure
5-2A the biased STM tip is seen to act as a local gate on the t-WS2 because its electrical
field partially penetrates the monolayer graphene. This is because graphene has a small
electron density of states and weak screening, especially when its Fermi level is near the
Dirac point. When the sample-tip bias Vbias matches the work function difference
between the tip and the graphene the tip exerts no local gating effect (Figure 5-2B). With
a decreased (increased) Vuias, positive (negative) charge accumulates at the tip apex and
generates local band bending in the t-WS2 due to E-field penetrating through the
monolayer graphene (Figure 5-2C and Figure 5-2D). With sufficiently strong band
bending a single electron (hole) quasiparticle will be injected into the t-WS». The added
charge due to this tip-induced quasiparticle excitation will, in turn, alter the tip-graphene
tunnel current via long-range Coulomb interactions. SSEC spectroscopy has some
similarity to capacitance spectroscopy in that the tip bias voltage drives charging of the t-
WS2. However, unlike conventional capacitance spectroscopy, SSEC spectroscopy
locally manipulates individual electrons/holes in the heterostructure and is responsive to
individual charge excitation through the tunnel current to the graphene sensing layer. A
spatial resolution of ~ 1 nanometer can be achieved in SSEC spectroscopy for thin top
hBN layers having a thickness of several nanometers.
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Figure 5-2 Probe mechanism of SSEC spectroscopy. A. Illustration of scanning single-
electron charge (SSEC) spectroscopy. The electric field from the tip bias partially
penetrates the graphene and induces quasiparticle excitations in the t-WSz. The tip-
graphene tunnel junction detects changes in the number of electrons in the t-WS2 due to
long range Coulomb interactions. B-D. Illustration of tip-induced quasiparticle excitation
in a correlated insulator. Solid curves represent the lower Hubbard band (LHB) and upper
Hubbard band (UHB), while dashed line represents the chemical potential yisys,. (B) For

Vbias = 0, the LHB and UHB are uniform. (C) For large Vbias < 0 the UHB is pushed
beneath Er by tip-gating, inducing a local electron excitation. (D) For large Vuias > 0 tip-
gating induces a local hole excitation. For simplicity, we have neglected the work
function difference between the tip and the sensing layer graphene in (B-D) which may
induce a small offset for Vvias. The gap between the UHB and LHB is labeled as A while
the gap between p4ys, and UHB (LHB) is labeled as A, (Ap,).

5.3 Local Thermodynamic Probe of Correlated Electrons

This SSEC spectroscopy enables us to perform a local thermodynamic measurement
of the moiré correlated states. To see this, we first performed a backgate (Vsc) dependent
scanning tunneling spectroscopy measurement on the sample surface. Figure 5-3 shows
the Veg dependence of the dI/dV spectra of the tip-graphene tunnel junction when the tip
is placed over the B site of the moiré unit cell. We started by setting the top gate
voltage to Vrc = 0.52V, which shifts the t-WS2 chemical potential up to the conduction
band edge while keeping the graphene Fermi level close to the Dirac point(/07). Under
these conditions increasing the backgate voltage, Vs, increases the global electron
doping in the t-WS:z layers. The resulting dI/dV measurement of the sensing layer is
dominated by a broad increase in the dI/dV signal for increased Vbias regardless of
polarity, which mostly reflects the local density of states of graphene and does not show
an obvious dependence on Vga (i.e. on the t-WS2 doping).

The impact of electrical charge added to the t-WS2 moiré superlattice is better seen
by normalizing the dI/dV spectra at each Vg by the averaged dI/dV spectrum (which
average out the fast-changing charging peaks). The normalization process is described as
follows. We divide the raw dI/dV spectra (several typical raw dI/dV spectra are shown in
Figure 5-4A as red curves) by the averaged dI/dV spectra over all Vg values (blue curve
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in Figure 5-4A) to obtain the normalized dI/dV spectra. Several typical normalized dI/dV
spectra are shown in Figure 5-4B.
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Figure 5-3 STS on the graphene sensing layer. dI/dV spectra measured on the graphene
sensing layer as a function of sample-tip bias (Vbias) and backgate voltage (VBa)
(measured with tip held over the t-WS2 B site). Vg is fixed at 0.52V.
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Figure 5-4 Normalization of the Vscs-dependent dI/dV spectra. A. The red curves show
typical dI/dV spectra measured at different Vsg, while the blue curve shows the mean
dI/dV spectra averaged over all individual spectra (). B. Normalized dI/dV spectra
obtained by dividing the raw spectra (red curves) by the averaged spectra (blue curves)
shown in (A). Spectra in (A,B) are shifted vertically for clarity, with the corresponding
zero reference point labeled by black dashed lines.

Using the normalization process mentioned above, we can obtain the complete
normalized dI/dV spectra 2D plot as a function of Vsc (Figure 5-5A) which removes the
broad rising background and reveals multiple dispersive bright lines that correspond to
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peaks in dI/dV that shift in energy with applied Vsc. These peaks are clustered around
several electron doping levels in the t-WS2 moir¢é superlattice (i.e., different Vg values),
as denoted by horizontal arrows in Figure 5-5B. Their Vig values correspond to t-WS2
electron filling factors of n =0, 1/3, 2/3, 1 (as labeled in red), where n is the number of
electrons per moiré site. The filling factors shown here are based on carrier densities
extracted using the device capacitance as described in reference(/07). Our SSEC imaging
(see next section) is also consistent with these filling factors.

The dI/dV spectra of Figure 5-5A show two or more dispersive lines clustered
around each correlated insulating state at n = 1/3, 2/3, and 1. To better understand this
behavior Figure 5-5B shows higher resolution Vsg-dependent dI/dV spectra near the n =
2/3 generalized Wigner crystal state (the phase space inside the white dashed box in
Figure 5-5A). Two bright dispersive lines with similar slope move together through the
VG region associated with the n = 2/3 state, as well as several weaker features nearby.
Figure 5-5C displays a horizontal line cut of Figure 5-5B at Ve = 1.60V, where clear
dI/dV peaks (labeled with vertical arrows) can be observed at the Vbias positions of the
bright lines in Figure 5-5B. These dI/dV peaks do not mark the energy locations of
resonances in the local density of states (LDOS), but rather arise from electron and hole
charging events in the generalized Wigner crystal states of t-WSo.
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Figure 5-5 Normalized dI/dV spectra 2D plot. A. Normalized form of the dI/dV spectra
shown in a. The dI/dV spectrum at each Vsc is normalized by the average dI/dV
spectrum for all Vsc values (see SI for details). Dispersive bright lines corresponding to
dI/dV peaks are clustered around the filling factors n =0, 1/3, 2/3, 1 (labeled in red). B.
High-resolution dI/dV spectra corresponding to the n = 2/3 state measured over the range
enclosed by the white box in (A). C. dI/dV line-cut of ¢ at Vs = 1.60V shows peaks
corresponding to dispersive features in (B) labeled with a solid arrow (electron charging)
and an open arrow (hole charging) that are offset from each other by AV);s.

To understand this, we look to the sketch in Figure 5-6A that illustrates the charging
diagram of the t-WS2 moiré superlattice in the n = 2/3 state. There are three different
regimes as shown in Figure 5-6B: the “intrinsic” generalized Wigner crystal insulator
phase (I) (solid red dots mark the locations of electrons in the moiré unit cell while open
circles mark empty cells), the electron excitation regime (E) where an electron (blue solid
dot in Figure 5-6B) is injected below the tip at a large negative Vbuias, and the hole
excitation regime (H) where a hole (blue open circle in Figure 5-6B) is injected at a large
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positive Vbias. These regimes are separated by two dispersive lines in the VBG-Vbias
parameter space in Figure 5-6A with the slope of the dispersive lines being determined by
the efficiency of the tip as an effective top gate relative to chemical potential shifts
induced by the bottom gate. Starting from the intrinsic regime (e.g., Figure 5-2B), a
reduction of Vbias causes the tip to become positively charged. Crossing the boundary
from (I) to (E) corresponds to pushing the UHB energetically below the t-WS: chemical
potential y;y,5, and locally inducing an electron charging event (Figure 5-2C). Similarly,
if Vbias 1s increased and crosses the boundary from (I) to (H) then the LHB is
energetically pushed above pyy s, , resulting in a local hole charging event (Figure 5-2D).
These charge excitations alter the tunnel junction conductance and result in a peak in the
dl/dV spectra. The dispersive dI/dV peaks in Figure 5-5B and Figure 5-5C correspond to
the electron/hole excitation boundaries sketched in Figure 5-6A. The reason that the
intrinsic region does not bracket Vuias = 0 is most likely because of the work function
difference between the tip and the graphene sensing layer. Additional weaker dI/dV peak
features observed in Figure 5-5B at higher positive (negative) Vuias correspond to the
injection of additional electrons and holes at nearby moiré cells adjacent to the tip
location.
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Figure 5-6 Thermodynamic measurement enabled by SSEC spectroscopy. A. Schematic
shows the charging regimes of the t-WS2 moiré superlattice near the n = 2/3 state. (I)
marks the intrinsic generalized Wigner crystal insulator phase, (E) marks the electron
excitation regime, and (H) marks the hole excitation regime. The charging regimes are
separated by two dispersive lines in the VBa-Vbias parameter space that are offset from
each other by AV,;,s. B. Real space sketch of the intrinsic (I), electron excitation (E), and
hole excitation (H) regimes. Electron-filled sites (solid dots) and empty sites (open
circles) of the n = 2/3 generalized Wigner crystal as shown. Tip-induced electron
excitation is marked by a solid blue dot and hole excitation by a blue open circle. The
back cross labels the tip position.

5.4 Mapping Electron and Hole Excitations of Generalized Wigner Crystals
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To establish our assignment of the features seen in the last section (Figure 5-5) as
electron and hole excitations of the generalized Wigner crystal, we directly image these
charging events using SSEC spectroscopy. Figure 5-7A displays an STM topography
image of a highly defect-free t-WS2 moiré region chosen for imaging electron/hole
excitations. Figure 5-7B shows a dI/dV map measured over this same area at Vsc =
1.50V, V16 = 0.52V, and Vbias = -0.59V, which corresponds to the electron excitation
boundary denoted by the filled circle in Figure 5-5B. A triangular lattice of bright dots is

seen with a period larger than the underlying moiré superlattice by a factor of /3. This
new triangular lattice reflects the wavefunction distribution of the excited electron in the
generalized n = 2/3 Wigner crystal. To confirm that this pattern originates from tip-
induced electron excitations we tested how it evolves with Vuias. A typical aspect of
charging features is “ring expansion” with increased bias(39, 79-81, 102) because the tip
can then induce charging events from more distant positions. Figure 5-7D-G show the
evolution of the charging rings with increasing |Vbias|, obtained at Vec = 1.50V and V16 =
0.52V. The electron charging signal at the different moiré unit cells is seen to expand into
a wide charging ring with increasingly negative Vbias, precisely as expected for electron
injection.

Figure 5-7C shows a dI/dV map taken at the hole excitation boundary for n =2/3
filling, corresponding to the open circle in Figure 5-5B (Vs = 1.65V, V16 = 0.52V, and
Vbias = -0.14V). A honeycomb lattice of bright dots (open circles) here reflects the
wavefunction of hole excitations in this generalized Wigner crystal. The tip bias
dependence of this pattern also confirms its origin as shown in Figure 5-7H-K. Here the
hole charging signal in the different moiré unit cells is seen to expand into a wider
charging ring for increasingly positive Vbias.

The complementarity of the electron and hole excitation wavefunctions of the
generalized Wigner crystal state can be seen by overlaying the hollow circles and solids
dots of Figure 5-7B,C onto the topography of Figure 5-7A. Both the hollow and solid
circles are seen to be localized in the B¥W stacking regions, where the lowest-energy
conduction moir¢ flat bands are predicted to reside(77). The electron excitation
distribution (red dots) and the hole excitation distribution (open circles) combine
perfectly to yield the full moiré superlattice. Hole excitations correspond precisely to the
filled electron locations for an n = 2/3 generalized Wigner crystal (i.e., a honeycomb
lattice) whereas electron excitations occur at the hollow centers of the honeycomb lattice.
This is the pattern that one might intuitively expect from classical electrostatic reasoning.
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Figure 5-7 Mapping electron and hole excitations of the n = 2/3 generalized Wigner
crystal. A. STM topography image of graphene sensing layer shows the t-WS2 moiré¢
superlattice (Vbias = -0.59V, I = 150pA). B. dI/dV map of same area as (A) for applied
voltages corresponding to the electron excitation boundary (Vsc = 1.50V, V16 = 0.52V,
Vhias = -0.59V). Sites of electron excitations are marked with solid red dots. C. dI/dV map
of same area as (a) for voltages corresponding to the hole excitation boundary (Vs =
1.65V, V16 = 0.52V, Vbias = -0.14V). Sites of hole excitations are marked with open
circles. D-G. Evolution of dI/dV maps of the electron charging peak of the n = 2/3 state
with increasingly negative Vuias. The electron charging signals widen into a growing
circle at each moiré site as Viias becomes more negative. H-K. Evolution of dI/dV maps
of the hole charging peak of the n = 2/3 state with increasingly positive Vbias. The hole
charging signal widens into a growing circle as Viias becomes more positive. The solid
dots in (B) and open circles in (C) are overlaid in (A) and are seen to be perfectly
complementary. (D-K) share the same scale bar.

5.5 Determining the Thermodynamic Gaps of Generalized Wigner Crystals
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In this section, we will try to quantitatively determine the thermodynamic gaps of
these Wigner crystal states from our SSEC spectroscopy measurements. Since the
thermodynamic gap of a correlated state is the chemical potential difference for adding a
single hole or electron, it is possible to extract the thermodynamic gap of generalized
Wigner crystals from our SSEC spectra. To see this we define the energy difference
between the chemical potential and LHB as A, (Figure 5-2B), and the bias applied to the
tip to create a hole excitation as Va. We then write A, = ayeV,, where aj, is a geometric
constant defined by the tip-gating efficiency when the tip is above a hole site (e is the
charge of an electron). Similarly, we can write A, = a,(—e)V, where A, is the energy
difference between the chemical potential and UHB, and the factors Ve and «,, are
defined for electron excitations. If ¢, = aj = «a, then the thermodynamic gap, A = A, +
Ay, can be written as

A=ae(Vy,—-V,) = aelV,,,, (5.1)

where AV}, 1s the experimental sample-tip bias difference measured between the hole
excitation and electron excitation boundaries as shown in Figure 5-6A. A key
requirement in this analysis is that the capacitive coupling between the tip and surface is
equivalent for electron and hole excitations (i.e., @, = ay). This requirement is satisfied
in the measurements shown in Fig. 2 which were performed with the tip positioned above
the BS site in the t-WS> moiré unit cell, which is the same distance to the nearest excited
electron or hole.

In order to obtain a quantitative value of the generalized Wigner crystal
thermodynamic gap, A, we must determine the value of a. This is obtained through
numerical simulation of the tip-surface electrostatics, which will be discussed in detail in
section 5.6. The simulation yields a value of @ = 0.16 £+ 0.02. From Eq. (5.1) this
results in the following experimental thermodynamic gaps for the n =1/3, 2/3, and 1
correlated states: Ap,—q/3 = 52 £ 8meV, A,_;/3 =47 £ 8meV,and A,_; = 107 £
16meV (the uncertainty here is calculated from both the standard deviation in our
measurement of AV,;,¢ and the uncertainty in the simulation of «).

5.6 Electrical Simulation of the Tip Coupling Constant

We note that to obtain the tip coupling constant a here is a nontrivial task which is
essentially different from the one performed in section 3.6. The reason is that the
existence of the screening by Dirac electrons in the graphene sensing layer makes the
simulation more complicated.

Here we introduce details for the electrostatic simulation of the tip-t-WS2 coupling
constant «, including a graphene quantum capacitance effect. As illustrated in Figure
5-8A, the tip is approximated by be an ideal metallic cone with a half cone angle 6 and
tip height h (separation between tip apex and the graphene surface). The backgate
graphite is modeled by an infinitely large metallic plate. The t-WS2 moiré heterostructure
is regarded as a thin insulator since it is in a correlated insulating state. The t-WS: is
incorporated into the surrounding hBN and regarded as an insulator with the same
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dielectric constant as the hBN. The graphene is modeled by a special boundary condition
whose electrical potential V. is related to its charge density pg,- due to the graphene
quantum capacitance: Vg, = V- (pgr), as described below.

The graphene surface electrical potential Vi,-(pg,-), namely its vacuum level, can be
determined in the following way. Since the graphene is connected to a voltage source,
meaning its chemical potential is fixed externally, then the change of the graphene
surface electrical potential AVg, = Vg, — Vg, can be determined as AVg,. = AEf /e,
where AEf = Ef — Ef is the graphene Fermi level change. Here Vg,o and Ef are the

graphene surface electrical potential and Fermi level at charge neutrality (p;, = 0). For
simplicity, we assume Vi,-o = 0 and Efy = 0. Therefore, we have Vi, = E¢/e. The

relation between the graphene Fermi level Ef and its carrier density ng, is determined by

Ef
f DOS-(E)dE,  (Ef =0)
0

ngr =1 . (5.2)
f DOS¢,(E)dE, (Er <0)
Ey
where DOS;,.(E) = % . % is the graphene density of states per unit area. Here vp =
F
10%m/s is the Femi velocity of the graphene. Using pg, = —eng,, we obtain the

following boundary condition for the graphene plane

(Vrhv D
R <0

Ver(pgr) = jﬁhv , (5.3)

F  |Per
N el >0
e e (pGr )

This boundary condition reflects the quantum capacitance of the graphene and its partial
screening effect.

In the simulation, the boundary conditions for the tip and backgate are setat V =
Vpias and V = Vp, respectively. To make the simulation more computable we have a
cylindrically truncated grounded surface enclose the simulation center. The dielectric
constants in the region above and below the graphene are set to &,,. = &y and g,py =
4.2¢,, respectively, where g is the vacuum dielectric constant.

We note that although the tip height and tip cone angle are two independent
parameters, they work together to control the value of « for the charged site. Therefore,
in the simulation we fix one parameter and tune the other parameter to fit the experiment
results. Here we fix the tip height at h = 1nm and vary the value of 8. This selected tip
height is close to the STM tip tunneling distance used in the experiment. However, we
note that the selection of h here does not significantly affect the final obtained values for
a and B, as discussed later. In the simulation a and f are obtained via monitoring the
responses of the electrical potential change A® at the position of the charged site (r =
5.4nm when the tip is fixed at the three-site symmetric point) in the TMD layer with the
following parameters: a: Vbias = 145mV and Vg =0, and f: Vbias = 0 and Vec =71 mV.
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The simulated electrical potential map at Vbias = 0 and Vg = 71mV is shown in Figure
5-8B while the simulated electrical potential map at Vbias = 145mV and Ve = 0 is shown
in Figure 5-8C.

A v
v

Mono-Gr

Figure 5-8 Electrostatic simulation of the tip-TMD coupled system. A. Schematic of the
simulation model. The tip is represented by an ideal metallic cone with half cone angle 6
and tip height h (separation between tip apex and the graphene surface). The backgate is
modeled by an ideal metallic plate. The graphene is modeled as follows: We set the
boundary conditions on the graphene surface to be that the electrical potential is
determined by the charge density so that the quantum capacitance of the graphene can be
correctly treated. B,C. Simulated electrical potential with (B) Vec = 71mV and Vbias = 0,
and (C) Vs = 0 and Vbias = 145mV. The simulation parameters used are 8 = 54.95° and
h = 1nm. The position of the t-WS: layer is not depicted here since it is regarded as an
insulator with a dielectric constant equivalent to that of hBN.

The simulated ratio between a and S can be compared with the experimentally
measured charging peak slope % = 0.507. The parameters that yield results most

consistent with experimental results are as follows: 8 = 54.95°, and h = 1nm (Figure
5-9A). The simulated tip coupling constant (@) and backgate coupling constant (f3) are

a = 0.16 and f = 0.32 for the charged site in the TMD layer (r = 5.4nm). We note that
this simulated coupling constant is close to values reported in previous work(702).

The potential response of the charged site Ad is not exactly linear with the change of
Vpias and V. This is shown in Figure 5-9B (A® as a function of Vbias) and Figure 5-9C
(AP as a function of Veg). This effect occurs because at large tip bias or backgate voltage
the graphene is strongly doped and has a larger density of states at the Fermi level and
behaves more like a metal. However, in the measurement range Vbias < 200mV and Vsg
<100mV the response can still be approximately regarded as being linear.

The selection of the tip height does not significantly affect the final value for a in the
simulation process above. This is seen in Figure 5-9D and Figure 5-9F, which show the
simulated tip cone half angle 6 (Figure 5-9D) and the corresponding a values (Figure
5-9F) for different tip heights. Including the uncertainty in the top hBN thickness and the
hBN dielectric constant, we have an estimated value of « = 0.16 + 0.02.
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Figure 5-9 Determination of the tip coupling constant «. A. Simulated ratio a/f as a
function of 6 at h = Inm. Here a (f) is obtained through monitoring the potential change
A® at r=5.4nm in the TMD layer by setting Vbvias = 145mV and Vg = 0 (Vbias = 0 and
Veg = 71mV). B. Potential change A® at r=5.4nm in the TMD layer for different Vbias
values at Vsg = 0. C. Potential change A® at r=5.4nm in the TMD layer for different Vsg
values at Vbias = 0. h = 1nm and 8 = 54.95° for both (B) and (C). D. Fitted values for 8
as a function of the tip height h with the ratio a/f fixed at 0.507. E. Fitted values for a
as a function of the tip height h with the ratio a/f fixed at 0.507. The fitted value for « is
nearly independent of the selected tip height h.

5.7 Summary and Outlook

In summary, in this chapter we have demonstrated the non-invasive high-resolution
SSEC spectroscopy technique that enables us to study the local electron/hole excitations
in 2D generalized Wigner crystal systems. It further allows us to measure the local
thermodynamic gaps of generalized Wigner crystals having different filling factors and to
map their electron and hole excitations. Particularly, among all the microscopic
thermodynamic measurement techniques, this one has realized the highest spatial
resolution (sub-nm). This technique should be broadly applicable to the characterization
of other fragile correlated electron systems.
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6 Visualizing In-plane Charge-Transfer Moiré
Excitons

6.1 Introduction and Background

In Chapter 4 and 5, we studied the microscopic nature of the ground states for
interacting moiré electrons, e.g. Mott insulator and Wigner crystals. However, the
interaction between electrons can also induce a wide range of important excited states
and non-equilibrium quantum phenomenon. One of the typical examples is the exciton
physics, which has been studied for many years in pristine TMD materials. The presence
of a moir¢ superlattice can greatly modify how electron and hole are bound with each
other and lead to the emergence of new exotic exciton states, which will be studied in this
chapter.

TMD moiré¢ superlattices exhibit rich quantum phenomena(/5, 48, 74, 90, 101, 113-
117) that include exotic excited states such as moiré excitons(//4-118). The moiré
superlattice has a significant effect on strongly interacting electron-hole bound states,
signatures of which have been observed through various optical spectroscopic
studies(//4-117). However, a clear understanding of the microscopic structure of moiré¢
excitons and their non-equilibrium dynamics at the moiré scale remains elusive. Imaging
moiré excited states is experimentally challenging because it requires probing transient
excited states with nanometer spatial resolution, which is beyond the capability of typical
optical spectroscopy techniques. Recently, moiré excitons have also been studied using
photoemission spectroscopy(//8) and electron excitation(//9), but such measurements
still cannot spatially resolve the internal structures of the photoexcited holes and
electrons. Combining laser excitation with scanning tunneling microscopy (termed laser-
STM) provides a means to overcome this challenge. Laser-STM was pioneered in
previous studies of individual molecules and has enabled atomic-scale imaging of
molecular photo-response(//9-122). It has also been utilized for the study of
conventional bulk semiconductors(/23-128). Here we employ laser-STM to directly
image the internal microscopic structure of moiré excitons.

A moir¢é superlattice modifies exciton behavior in different ways depending on the
strength and shape of the moiré potential. Weak moiré potentials, for example, generate
Umklapp scattering of the pristine Wannier excitons that leads to some spatial
modulation while retaining their overall Wannier characteristics(/29). Strong moiré
potentials, such as those created by strain-induced reconstructions in TMD bilayers, not
only induce Umklapp scattering of excitons but can also alter the internal structure of
moiré excitons(//5). For example, if the photoexcited electron and hole feels different
moiré potentials, with minima located at different positions, a new type of in-plane
charge transfer (ICT) moiré exciton can emerge(//5, 130). Here we describe
measurements employing laser-STM that probe the microscopic structure of such exciton
states and demonstrate the presence of ICT moiré excitons in near-60-degree twisted WS2
(t-WS2) bilayers. Our scanning tunneling spectroscopy (STS) and ab initio calculations
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reveal a strong moiré potential in t-WS:z that causes the single-particle electron and hole
states to be confined to different positions within a moiré unit cell. Combining laser
excitation with STM enables us to perform photocurrent tunneling microscopy (PTM)
imaging of t-WS: photoexcited excitons with sub-nm spatial resolution. Our tunneling
photocurrent maps show spatially alternating behavior with opposite current polarities
located at different positions within the moiré unit cell even for the same STM bias
voltage. Such behavior provides direct evidence of ICT excitons by showing spatial
separation of the excited electron and hole. Positive tunnel current occurs when the STM
tip is above a hole position and negative current occurs when the tip is above an electron
position. Our experimental results agree well with the ab initio GW-BSE calculations of
the lowest-energy exciton wavefunctions in t-WS2 moiré superlattices. The ab initio
calculations are performed by extending a recently developed novel computational
method(//5) designed to fully account for the electron-hole interaction of all ~4000
atoms in the reconstructed moir¢ unit-cell.

The work described chapter is the result of a close collaboration multiple experimental
and theoretical groups including the Wang group, Crommie group and Louie group.
Particularly. The experimental work is mainly performed by Ziyu and me while the
theoretical simulation is mainly finished by Mit.

6.2 Device and Setup

We chose a near-60-degree t-WS2 moiré superlattice to study ICT moiré excitons
because our ab initio calculations predict that it should feature a moiré potential where
conduction and valence band edge state wavefunctions are confined to different positions
within the moiré unit cell (illustrated in Figure 6-1A), thus providing an ideal platform to
host ICT excitons. Figure 6-1B shows an illustration of our gate-tunable t-WS2 device
and laser-STM setup. The optical images of the tip-sample tunneling junction are shown
in Figure 6-1C (white light illumination) and Figure 6-1D (520nm laser illumination).
The t-WS: sits on top of a 49 nm thick layer of hexagonal boron nitride (hBN) which is
placed above a graphite back gate. A back gate voltage (Vsc) is applied between the t-
WS: and the graphite back gate to control the carrier density in the t-WS2. We follow the
method introduced in Chapter 2 and place a graphene nanoribbon array electrode on the t-
WS> surface to make the sample conductive enough(64). A bias voltage (Vbias) is applied
to the t-WSaz relative to the STM tip. The device fabrication follows the same procedure
as the one described in section 2.2.

66



Image of tip

Figure 6-1 Laser-STM measurement of a twisted bilayer WSz moiré superlattice. A.
Sketch of band-edge energies as a function of real-space position (lines) as well as the
location of the excited electron and hole position of an in-plane charge-transfer (ICT)
exciton. The moiré superlattice modulates the pristine unit-cell conduction band edge
(labeled C) and valence band edge (labeled V) so that electrons and holes are
concentrated in separate regions. B. Sketch of experimental setup for laser-STM
measurement of a near-58-degree twisted bilayer WSz (t-WS2) device. The t-WS: is
placed on top of 49nm thick hBN and a graphite substrate (these serve as the gate
dielectric and back gate). A back gate voltage Vac is applied between the t-WS2 and the
graphite back gate. A graphene nanoribbon (GNR) array is placed on top of the t-WS: to
serve as the contact electrode. A sample-tip bias Vbias 1s applied between the t-WS2 and
the STM tip to induce a tunnel current. A 520nm wavelength continuous-wave laser is
focused on the tip tunnel junction. C. Optical image for gated twisted WS2 device and
laser-STM setup using white light illumination. The positions of the tip and its reflected
image by the substrate are labeled. D. Optical image of the device and setup with a
520nm continuous-wave laser focused onto the tip-sample tunneling junction. The laser
spot (diameter ~10um) is labeled with a red dashed-line circle.

Figure 6-2A shows a typical STM topography image of the t-WS: surface and
features a moiré superlattice with a moiré period of ~9 nm. Three high-symmetry
stacking regions can be seen within the moiré unit cell: the dark (bright) areas correspond
to AB (BS®) stacking regions while the intermediate height area is a BY'W stacking
region. Model structures for the AB, B%S, and BYVW stacking regions are illustrated in
Figure 6-2B. This topography agrees well with our calculated height distribution map
(Figure 6-2C) and arises due to an out-of-plane reconstruction that leads to strong
variation in the local interlayer spacing (see SI for details). The BY® stacking regions
have the largest interlayer spacing due to steric hindrance arising from the S atoms of the
top and bottom layers facing each other(77). In-plane reconstruction of the superlattice
leads to a noticeably larger area for the low-energy AB stacking region and results in
strain redistribution in the two WS: layers (shown in Figure 6-2D). The final relaxed
structure reflects a trade-off between the energy gain from forming large-area AB
stacking regions and the energy cost of strain redistribution.
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Figure 6-2 Topography for the t-WS2 moiré¢ superlattice. A. A typical STM topography
image of the t-WS: surface exhibits the triangular moiré lattice. Vbias = -4V, I = 100pA.
Three high-symmetry stacking regions are labeled with solid dots: BSS, BY'Y, and AB. B.
Ilustration of the BYS, BYW, and AB stacking structures (yellow and gray dots represent
S and W atoms respectively). C. Theoretically calculated surface height variation for t-
WSaz. C. Simulated strain redistribution in the bottom layer of the moiré superlattice. The
strain is plotted as the percentage change in the local W-W distance from the pristine
monolayer lattice constant.

6.3 Electronic Structure Revealed by Scanning Tunneling Spectroscopy

We first characterized the single-particle electronic structure of t-WS2 by measuring
scanning tunneling spectroscopy (STS) and comparing it to theoretical calculations.
Figure 6-3A shows the calculated electronic band structure of a t-WS2 moiré superlattice
with 9nm period including spin-orbit coupling. Here we are mainly concerned with the
moir¢ flat bands at the valence band top (VBT) (labeled v1) and the conduction band
bottom (CBB) (labeled c1), which host the lowest-energy holes and electrons,
respectively. The computed flat bands arise from a deep triangular quantum well
potential due to the inhomogeneous layer hybridization and structural reconstruction(7/,
131) which yield narrow bandwidths of 1 meV and 5 meV for the v1 and c1 bands,
respectively. The v1 band is derived from states near the I' point in the pristine unit-cell
Brillouin zone (BZ) and is two-fold degenerate, while the c1 states are folded from
around the Q point of the pristine unit-cell BZ and comprise two closely spaced bands
(each with six-fold degeneracy). The small splitting in energy of these two sets of c1
bands is induced by interlayer hybridization. The spatial distribution of these moir¢ flat
bands is experimentally reflected by the dI/dV spectra measured at the BY'Y and AB sites
(Figure 6-3B and Figure 6-3E). On the valence band side (Figure 6-3B) the AB site
shows a sharp peak around Vuias = -1.75V while the BY'V site exhibits almost no signal
until Vbias = -1.85V, indicating that the two-fold degenerate v1 band is mainly localized
on the AB site. This spatial distribution was confirmed by dI/dV mapping measured at
Vbias= -1.75V (Figure 6-3C) which matches the calculated vl band’s charge density (p)
distribution (Figure 6-3D), both of which show maximum density at the AB site. On the
conduction band side (Figure 6-3E), the lowest energy dI/dV peak appears at the BV'Y
site at Vbias = 0.60V while the AB site exhibits a small signal until Viiass =0.75V,
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indicating that the c1 band states are mainly localized on the B¥'V site. This was also
confirmed by dI/dV mapping measured at Viias = 0.62V (Figure 6-3F) which matches the
calculated c1 bands’ charge density distribution (Figure 6-3G), both of which show
maximum density at the B¥W site. These results show that a strong moiré potential exists
in t-WS:2 and that the lowest-energy single-particle electron and hole states are spatially
separated.
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Figure 6-3 Electronic structure of twisted bilayer WS2. A. Calculated electronic band
structure for the t-WS2 moiré superlattice. The moiré flat bands at the valence band top
(VBT) and conduction band bottom (CBB) are labeled v1 and c1. B. dI/dV spectra
measured at the BYV (blue) and AB (red) stacking sites for the valence band. The AB
site shows a first sharp peak near Vbias = -1.75V. (C) t-WS2 dI/dV map measured at Vbias
=-1.75 V and (D) calculated charge density (p) distribution for v1 both show strong hole
localization at the AB site. Vg = -2V for (B,C). E. dI/dV spectra measured at the BYW
(blue) and AB (red) stacking sites for the conduction band. The BVW site shows a first
sharp peak near Viias = 0.60V. (F) t-WS2 dI/dV map measured at Vbias = 0.62V and (G)
calculated charge density (p) distribution for ¢l both show strong electron localization at
the BY'V site. Vg = 1.5V for (E,F).

6.4 Charged-transfer Exciton Imaged by Tunneling Photocurrent
Measurement

To experimentally probe the excitonic states we illuminated our t-WS: device with a
520nm continuous-wave laser focused on the tip-sample tunnel junction (as shown in
Figure 6-1D). In order to overcome laser misalignment induced by STM thermal drift
during the PTM measurement (usually lasting ~10 hours), a home-built auto laser
alignment system with feedback control was developed. The laser spot position is
detected with camera and corrected via a piezo-driven mirror every 20s. Photoexcited
electrons and holes in t-WS2 relax quickly (on the time scale of ps) to the lowest-energy
moir¢ exciton state through phonon emission(/32-134). Here we set the back gate voltage
VG near 0 to keep the t-WS:2 undoped so as to avoid free carrier scattering that could
decrease the exciton lifetime(/35). The spatial charge distribution of the lowest-energy
(long-lived) moiré exciton state was probed through STM tunneling photocurrent
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measurement (electron tunneling processes occur on the time scale of ns). Figure 6-4A
and Figure 6-4B show the absolute value of the tunnel current (I) as a function of Vbias
measured at BY'Y and AB stacking sites with (blue) and without (orange) laser
illumination (the laser power for this measurement was P=600uW and the laser
illumination area is around 80 um?). When the laser is off the tunnel current for both
stacking sites shows a large semiconducting bandgap for -2V < Vuias < 1V. However,
when the laser is turned on a photocurrent emerges even when Vbias lies in this gap region
and the photocurrent response at the BY'Y and AB sites show very different behavior.

To investigate the spatial dependence of the tunneling photocurrent, we performed
2D photocurrent mapping with Viias = -0.6V and Vsc = 0 as shown in Figure 6-4C (laser
power was held at P = 600uW). Surprisingly, the photocurrent changes sign at different
locations even for fixed Vbias: positive photocurrent (red) appears at AB sites while
negative photocurrent (blue) appears at BY'V sites. This spatially alternating photocurrent
polarity provides direct experimental evidence for the emergence of in-plane charge
transfer (ICT) moiré excitons.
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Figure 6-4 Tunneling Photocurrent measurement of t-WSz. A, B. STM tunnel current
spectra measured at the (A) BY'W and (B) AB stacking sites with the laser turned off
(orange) and on (blue). Vg = 0. The absolute value of the current is plotted on a
logarithmic scale (the left and right branch of the spectra correspond to negative and
positive current respectively). For the laser-off case, the current at both the BY'Y and the
AB sites reflect an energy gap for -2V <Vbias < 1 V. For the laser-on case (P = 600uW)
photocurrent emerges in the energy gap region and the BYY and AB sites show different
photocurrent spectral shapes. C. A photocurrent map of t-WS2 measured with the laser on
(P = 600uW) for Vbias = -0.60V and Vsc = 0 shows positive (negative) photocurrent at the
AB (BV'Y) sites.

6.5 Ab initio Calculation of the Exciton States

To better interpret the photocurrent spatial distribution, we performed calculations of
the excitonic states of t-WS: using the ab initio GW-BSE(136, 137). Here the exciton
wavefunction yg is expressed as a linear combination of single-particle conduction (ck,,)
and valence states (vky,) in the moiré BZ: xs(re, rn) = Xcvk,, Aﬁvkmtp,*,km (rn)Wek,, (re)
where S is the exciton principal quantum number, k,, is the electron wave vector in the
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moiré BZ, r.and r}, are the electron and hole coordinates, respectively, v and c label a
valence and conduction band, respectively, and A‘zvkm are exciton electron-hole

expansion coefficients. The exciton states can be calculated (including electron and hole
degree of freedom) by state-of-the-art full-spinor GW-BSE calculations. However, due to
the large number of atoms (~4000) in the t-WS2 moiré unit cell, this calculation is
computationally intractable. To overcome this bottleneck, we developed a new
computational algorithm for calculating the electron-hole interaction kernel matrix
elements. This involves extending the pristine unit-cell matrix projection (PUMP)
method (developed previously for reconstructed monolayers(/15)) to bilayer moiré
superlattices. In the generalized pristine unit-cell matrix projection (PUMP) approach, we
first express the twisted bilayer WS2 moiré superlattice electronic wavefunctions as a
linear combination of pristine wavefunctions of the individual layers. We denote the
bottom pristine layer as ‘a’ and top layer as ‘b’. The moiré valence and conduction states
are constructed from the pristine wavefunctions,

K K
I%m%ZUI@%HWIﬂ%» (6.)

Koy Ko,
”%—2@|@ﬂwwlwm» (62)

Here, |CD;"?{(m) and |¢§i={m) refers to pristine superlattice valence states of layer ‘a’ and
layer ‘b’, respectively, and |Cl)gf’iﬁ?n) and |¢§f}ﬂ‘;) to pristine superlattice conduction states
of layer ‘a’ and layer ‘b’, respectively. We have verified that the new basis sufficiently
describes the original moir¢ electronic wavefunctions (|Y)yy ) and [P )) by computing
the overlaps Yy > [Py, ) and (Yeg [Pek,, ) (see Figure 6-5). Using the expansion
coefficients, the BSE electron-hole interaction kernel matrix elements of the moiré

superlattice can be approximated as a linear combination of pristine unit-cell kernel
matrix elements of layer ‘a’ and layer ‘b’,

<l/)vkml/)ckm | Kllpkan l/)ckfn )

VKm* pCkm*. VKA ck val cond val cond
BT Y A Pk P | K Py ok, Pagi)  (6.3)

Q

afylr=abijpq

_ VKm* nCKkm* VKm~4ck val cond val cond
= z Z a; BT Yy Mg m((pa,skﬁc(pﬁ.tkﬁclKld)y.ykﬁcd)kzkﬁc)’ (6.4)

afyA=abijpq

where a, 8,y and A are layer indices, i and p are pristine valence band indices, j and q
are pristine conduction band indices. The pristine states ik, jK,, K, and gKkp, in the
moiré BZ are related to ski, tkZ., yk3. and zK}. in the unit-cell BZ by band folding.
The kernel matrix element is in Eq. S3 refers to the pristine supercell matrix element,
while the matrix element in Eq. S4 refers to the pristine unit-cell matrix element. The
screened Coulomb interaction used in Eq. S4 is that of pristine AB or 2H stacking. Thus,
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we can express each moiré kernel matrix element as a linear combination of pristine unit-
cell kernel matrix elements.
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Figure 6-5 Projection of the constructed wavefunctions on the original wavefunctions.
Projection of the constructed 57.72° twisted bilayer WS2 moiré superlattice valence
Yok ¥k, ) ) (A) and conduction ((Peg|Yek,,) ) (B) electronic states on the original
electronic states at the y point in the moiré BZ, respectively. The moiré electronic states
are constructed using a basis of 200 valence and 200 conductions states of each pristine
layer (n = 200 in Eq. S1). The average projection is 89%. The conduction states derived
from the K point in the pristine unit-cell BZ, which have less interlayer hybridization,
have a higher projection compared to the states derived from the Q point.

The BSE kernel(/38) is given by K = —K4 + K, where K4 is a direct matrix
element responsible for the attractive electron-hole interaction, and Ky is a repulsive
exchange interaction. The kernel matrix elements are six-dimensional integrals,

<CIJ"ak DEoRd [k Dy, d5onG > (6.5)

= [ drdr' @R (D@5 (HWAB(r, )@ ()Y, (),  (6.6)

<q)vak [%(;E?anxlcpvalk’ q);:\f:]l;((%n> (6.7)
= [ drdr' @R (DR (MWAB(E, r)®50g ()@Y, (). (6.8)

The pristine kernel matrix elements that we need to compute can be classified in terms of
the layer indices, «, 5,y and A.

When all the indices refer to layer ‘a’ or layer ‘b’, the kernel matrix element is an
intralayer kernel matrix element of layer ‘a’ or layer ‘b’, respectively, with a pristine AB
stacking screened Coulomb interaction. For the intralayer kernel matrix elements of layer
‘a’, we choose the screened Coulomb interaction with the periodicity of the layer ‘a’, i.e.,
WqAB (G,, G3) where G, and G;, are reciprocal lattice vectors of layer ‘a’. Similarly, for
the intralayer kernel matrix elements of layer ‘b’ we choose the screened Coulomb
interaction with layer ‘b’ periodicity: WqAB (Gp, Gi,). The choice of W has important
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implications for the Umklapp processes involved. For the intralayer kernel matrix
elements of layer ‘a’, only terms with k3. — ki. = k. — k3. + G, are non-zero,

1 d 1 d
(33, PR K|y, wcond | 6.9)
— ¢val d)COHd IK |¢Val (I)COHd (6 10)
- a,skic P Btk yk3 leﬁc kuc_klllc:rkﬁc_kﬁc"'ca :

The other combinations of a, 8,y and A refer to interlayer kernel matrix elements. Since
layer ‘a’ and layer ‘b’ are separated by about 3 A, and the wavefunctions of each layer
exponentially decay in vacuum, we only compute the dominant interlayer interactions for
the direct and exchange matrix elements. From Eq. (6.5), we find that the interlayer

interaction is non-negligible for the direct kernel matrix element only when @ = y and

p = A. For example, the contribution of CDE‘;ﬂi* (r) CD;\’(:]I}(?H (r) is small to the integral in

Eq. (6.5) when the two conduction states are in different layers. Similarly, the interlayer
interaction is non-negligible for the exchange kernel matrix element when a = ff and y =
A (from Eq. (6.6)). For the interlayer direct kernel interactions, we approximate the
screened Coulomb interaction to have the periodicity of layer ‘a’ and we further include
only long-range interactions in the in-plane direction (Gy = G’y = 0 and Gy = G’y = 0),
while fully including local-field effects in the out-of-plane direction:

We(G, G) = Wy(G, G")¢, c1=006,,6,=0 (6.11)

where G is a reciprocal lattice vector. This approximation is valid for the interlayer
matrix elements since the hole and electron are in different layers, hence the in-plane
local-field effect and short-wavelength modulations of W are not as important as the
long-wavelength interactions.

This generalized PUMP method allows us to calculate moiré exciton energies and
wavefunctions for the t-WS2 moiré superlattice. We study the Q = 0 exciton in the moiré
BZ, where Q is the exciton center-of-mass wave vector. While these states are formed by
coherent superposition of direct transitions in the moiré BZ, the valence-band and
conduction-band states involved originate from different valleys in the unfolded unit-cell
BZ and are strongly modified by the moiré potential.

Figure 6-6A shows the calculated electron density distribution for the lowest-energy
exciton wavefunction y, (7, 1,) with a fixed hole position 73, (labeled with a red solid
dot) at the AB site (left panel), the B¥V site (middle panel), and the BSS site (right
panel). The electron density is maximum at the B¥V site when the hole is at the AB site
and is vanishingly small when the hole is at the B¥V and B%S sites. The spin-aligned and
spin-antialigned excitons have the same energy due to spatial separation of photoexcited
electron and hole, which results in a small exchange energy. In the out-of-plane direction,
the electron and hole charge densities are delocalized over both layers and show no
interlayer charge transfer. This demonstrates that the lowest-energy exciton state in t-WS2
is a layer-hybridized in-plane charge-transfer (ICT) exciton, in which the electron and
hole prefer the BY'V site and AB site, respectively. The calculated binding energy for the
ICT exciton, when the bilayer is suspended in vacuum, is ~150 meV. In presence of the
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hBN substrate, we expect the binding energy to be smaller due to additional dielectric
screening.

ICT moiré excitons can be expected to yield a STM tip-position dependent
photocurrent polarity due to their intrinsic lateral electron-hole separation. As illustrated
in Figure 6-6B, when the STM tip is parked above the photoexcited electron of an ICT
exciton (left panel) the tunneling probability for the electron dominates compared to the
spatially displaced photoexcited hole, thus resulting in negative tunneling current.
Similarly, positive tunnel current is expected when the tip is parked above the
photoexcited hole (right panel). Our photocurrent measurement thus directly reflects the
charge density distribution of the lowest-energy ICT moiré exciton which can be
expressed in unit of proton charge as p(r) = p,(r) — p.(r), where p,(r) =
[ lxo (o, 1) 12d1y, and pp,(r) = [ |xo (1o, 1,)|?dr, are the electron and hole densities,
respectively. The calculated distribution map for p(r) is shown in Figure 6-6C. The
laterally separated electrons and holes of the ICT excitons yield an alternating charge
polarity that nicely matches our photocurrent map (Figure 6-6C), providing quantitative
spatial evidence that we are imaging ICT moiré excitons.
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Figure 6-6 Theoretical calculation for the lowest-energy exciton state. A. Calculated
electron density for the lowest-energy exciton, |y, (7., 7,)|?, with fixed hole position 7},
(labeled with red solid dot) at the AB site (left panel), the BV'V site (middle panel), and
the BSS site (right panel). The maps show appreciable electron density at the B¥W site
only when the hole position is fixed at the AB site (left panel). B. Schematic for tip-
position dependent tunnel current from an ICT exciton. When the STM tip sits above the
electron (left panel) the larger tunnel probability for the electron yields a negative current.
A positive current is detected when the tip sits above the hole (right panel). C. Calculated
charge distribution map p(r) = p,(r) — p.(r) of the ICT exciton, where p;, (1) =

f |X0(re;rh)|2dre and pe(r) = f |X0(re:rh)|2drh-
6.6 Tip-induced Exciton Dissociation

We can further explore the interaction between the STM tip and ICT moiré excitons
by investigating the Vbias dependence of the photocurrent. Figure 6-7A shows the
photocurrent as a function of Vuias measured at the AB (red, hole dominant) and BYW
(blue, electron dominant) sites. It shows a ~200mV tip bias range (marked by dashed
lines) where positive photocurrent (at AB sites) and negative photocurrent (at B¥W sites)
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coexist. To observe the tip’s effect on the photocurrent we measured photocurrent maps
for -985mV < Vbias < -602mV using the same tip (Figure 6-7B-F). These maps also
show a ~200mV range of Vuias values where positive and negative photocurrent coexist,
consistent with Figure 6-7A (this Vbias range varies depending on the tip sharpness but
always lies between 100mV and 250mV.
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Figure 6-7 Vvias dependent photocurrent mapping. A. Zoom-in photocurrent spectra at
the AB (hole) site (red) and the BY'W (electron) site (blue). Spatially alternating current
polarity occurs for a Vuias range of ~200mV (dashed line). B-F. Evolution of t-WS2
photocurrent maps for increasing Vbias: (B) Vbias = -985mV, (C) Vbias = -889mV, (D) Vbias
=-793mV, (E) Vbias = -697mV, and (F) Vbias = -602mV. Spatially alternating current
polarity exists only in (C-E), while negative (positive) current dominates in B (F).

The Vuias dependence of the photocurrent reflects a tip-induced exciton dissociation
effect, as illustrated in Figure 6-8A-C for different Vuias values. Because of capacitive
coupling between the backgate graphite and the STM tip, a potential difference between
them induces an electric field near the tip apex that perturbs the ICT moiré excitons (the
t-WS2 chemical potential lies within an energy gap at Vsc = 0 and so does not screen the
electric field). The work function difference between the tip (made of Pt/Ir) and the
graphite back gate causes that this field to be present even at Viias = 0, but it can be
cancelled by setting Vbias = Vo where Vo is the work function difference. At Vy;qs — Vo =
0 (Figure 6-8A) the tip exerts only a weak pertubation on the ICT excitons and so a
spatially alternating photocurrent polarity can be observed (Figure 6-4C and (Figure
6-7C-E). However, at Vp,;,c — V; > 0 the tip apex accumulates negative charge and
attracts holes while repelling electrons (Figure 6-8B). Above a certain threshold this
effect dissociates the ICT excitons and only a positive current can be observed as in
Figure 6-8B. Similarly, only a negative current is seen when Vy,;,; — V; is much smaller
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than zero (Figure 6-7B) due to opposite dissociation of the ICT excitons, as illustrated in
Figure 6-8C. The experimentally observed Vo ranges from -800mV to -300mV depending
on the tip structure (Vo=-790mV for the measurements shown in Figure 6-7).

. /
.........

Figure 6-8 Diagram of tip-induced ICT exciton dissociation effect. V is the bias voltage
offset that compensates the work function difference between the tip and the back gate
graphite. A. For V,;,s — V, = 0 the tip does not significantly perturb the ICT exciton and
so both photocurrent polarities are seen. B. For V};,c — V; > 0 negative charge
accumulates at the tip apex which attracts holes and repels electrons, thereby dissociating
ICT excitons. C. For V,,;, — Vi < 0 the tip attracts electrons and repels holes, thereby
dissociating ICT excitons.

We note that if only the Pauli exclusion principle is considered while the tip induced
Coulomb interaction is neglected, a much wider Vbias range for coexisting positive and
negative photocurrent polarities should be expected. Figure 6-9A (I-III) illustrates the
band diagram for the ideal tunneling of ICT moiré excitons for different Vuias conditions
controlling the difference between the chemical potentials of the t-WSa2 (u4ys,) and the
tip (Ueip). When pgy, is within the bandgap of the t-WSa (regime I), both the electron and
hole of the ICT exciton can tunnel into the STM tip (with probabilities depending on the
tip position). When Vuias is more negative such that y;, is below the energy of the
exciton’s hole (labeled with a red peak) (regime II), the tunneling of the hole is forbidden
due to the Pauli exclusion principle. Similarly, the tunneling of the electron into the tip is
forbidden when u;,, is above the energy of the exciton’s electron (regime IIT). Figure
6-9B illustrates the ideal tunnel photocurrent as a function of Vbias at B¥V sites and AB
sites where electrons and holes localize, respectively. Negative tunnel current due to
electron tunneling exists when eVj;qs > —(E4; — Ej) while positive tunnel current due to
hole tunneling exists when eVy,;,s < (E; — E}), where E; (~1.3eV) and Ej, (~20meV) are
the band gap and ICT exciton binding energy, respectively.
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Figure 6-9 Ideal tunneling of ICT exciton without STM tip perturbation for different Vbias
conditions. See full discussion in Section 6.6.

6.7 Summary and Outlook

In conclusion, our photocurrent tunneling microscopy enables real-space imaging of
in-plane charge-transfer moiré excitons with sub-nanometer spatial resolution. The
observed electron and hole distributions agree well with ab initio GW-BSE calculation
results. This work establishes a new approach for probing the microscopic behavior of
photoexcited states in 2D van der Waals heterostructures.
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