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ABSTRACT OF THE DISSERTATION 

 

 

Study of Emergent Quantum Phases in Two-Dimensional van der Waals Materials 

 

 

by 

 

 

Xiong Huang 

 

 

 

Doctor of Philosophy, Graduate Program in Materials Science and Engineering 

University of California, Riverside, September 2022 

Dr.Yongtao Cui, Chairperson 

 

The discovery of one-atom thick graphene layer has marked the starting era of two-

dimensional (2D) van der Waals (vdW) materials. Since then, various electronic properties, 

such as semi-metal, semiconductor, insulator, superconductor, and magnet, have been 

discovered with materials in the 2D form. Recently, with the rapid development in device 

fabrication, artificial superlattices can be created using building blocks of 2D materials. 

This offers researchers novel control over materials to create novel quantum states which 

do not exist in their bulk parent. These emergent materials offer better tunability compared 

with their bulk relatives, such as carrier density tunning, band structure and topology 

engineering. 

One seminal work is the observation of unexpected strong correlation effect and 

superconductivity in ~1.1° twisted bilayer graphene in 2018. A rising research field, moiré 

physics, has emerged as a platform for quantum simulation. Flat electronic bands can form 

in these twisted 2D samples, which can give birth to various interesting quantum 
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phenomena, for example, superconductivity, Mott insulators, ferromagnetism, and 

quantum anomalous hall effect. In this thesis, I will summary our efforts in studying moiré 

physics using microwave impedance microscopy (MIM), including direct visualization of 

the moiré pattern in graphene-based heterostructures and observation of correlated 

insulating states at fractional carrier fillings in a WSe2/WS2 moiré superlattice. Our results 

demonstrate MIM as a powerful tool towards exploring emergent quantum states in such 

semiconducting moiré superlattices. We further explore correlated electronic states and 

moiré  exciton in the TMD moiré system with layer degree of freedom. A robust excitonic 

insulator has been observed in 1L/2L WSe2/WS2 moiré superlattice with the population of 

correlated electron-hole pairs in different WSe2 layers. Another highly pursued topic is 

searching for intrinsic magnetic topological insulators (TI) where topology meets 

magnetism. Together with transport measurements and magnetic characterization, we 

perform MIM study on MnBi2Te4 thin flakes which is predicted as an intrinsic magnetic 

TI. This material provides a good platform to study the interplay between magnetic state 

and topological order in this material. The band crossing effect together with the emergence 

of topological edge states are observed during the magnetic-field driven topological phase 

transition. Our results highlight the importance of combination of multi-modal probes to 

determine the magnetic state, topological order, and bulk electronic property in a magnetic 

topological insulator. 
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Chapter 1 Introduction 

 Since the successful isolation of monolayer graphene and the demonstration of 

quantum Hall effect, research on two-dimensional (2D) van der Waals materials have been 

in the spotlight. Using such a simple Scotch tape method, extremely high quality 2D layers 

can be obtained to realize various quantum phases. Stimulated by this discovery, research 

along this direction has been focused on obtaining exotic 2D layers through either top-

down (mechanical exfoliation) or bottom-up (e.g., chemical vapor deposition or molecular-

beam epitaxy) methods. Compared with the demanding chemical doping in a bulk material, 

it’s quite simple to use electrical gates to tune the carrier density in a 2D layer. Besides, 

electronic properties of 2D materials are susceptible to strain effect with practical pressure. 

Electronic states, such as semi-metal, semiconductor, insulator, superconductor, magnet, 

and topological insulator have been realized in the 2D form. Soon after that, the idea of 

making heterostructures using these 2D layers have emerged which can further expand our 

knowledge of how electrons interact and new phases of matter manifest. 

 Creating heterostructures can have several benefits. Combining materials of 

different electronic properties could lead to observation of exotic quantum phases. For 

example, an interface coupling of  2D magnets with spin-orbit coupling could induce an 

interfacial Dzyaloshinskii-Moriya interactions and give birth to a topologically protected 

spin textures, named skyrmions. Skyrmions hold promise for high-density and low-energy-

consumption information processing devices. The introduction of magnetism into a 

topological insulator has the potential to realize quantum anomalous Hall effect with 
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dissipationless edge conduction. Research along these directions have been focused on 

realization of these emergent phases at higher temperatures as required by applications. 

 Making heterostructures can generate a moiré pattern which could strongly 

modulate the electron-electron interaction in the system. A moiré superlattice can be 

generated by twisting two layers of a same material or stacking two different layers without 

a twist. It’s the periodic alignment of atoms in the two constituent layers and the interlayer 

hybridization will create a periodic potential for charges. It has been demonstrated in a 

“magic-angle” twisted bilayer graphene system, that interaction-induced insulating states 

and superconductivity can be achieved. The moiré superlattice generates flat moiré energy 

bands for electrons and strongly enhances the electron-electron interaction. Band topology 

can also be modified during the moiré band engineering process. Thus, moiré 

heterostructures have been proposed and demonstrated as a quantum simulator to realize 

various quantum phases on demand. 

 These exotic quantum phases in 2D heterostructures naturally have pronounced 

electronic inhomogeneity due to strong electron-electron interactions and competing 

between electronic orders. Also, the current fabrication technique will induce defects which 

might easily destroy the interested electronic order. Especially, in moiré heterostructures 

based on 2D van dar Waals semiconducting layers, the large electrode-sample contact 

resistance has posed challenges for direct resistance measurement using electronic 

transport. To probe the elusive quantum states, a study with sufficient spatial resolution 

and getting rid of the extrinsic factors (such as fabrication artifacts) is highly desired. 
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 Nowadays, scanning probe methods have been widely used to probe sample 

electronic properties at the nanoscale. Among them, scan microwave impedance 

microscopy (MIM) has been under rapid development to measure local sample 

conductivity and permittivity. In its unique reflection-type measurement, minimum sample 

preparation is required. The same experiment instrumentation as traditional atomic force 

microscope makes it readily to be incorporated in a scanning probe platform. These could 

greatly promote MIM in sample characterization process. With its capability to probe 

sample electronic properties at the nanoscale, scanning MIM has been successfully 

demonstrated to study 2D emergent quantum phases. 

Here, in my graduate study, I’ve working on study of various 2D quantum materials 

using scanning MIM. I will first talk about fundamental concepts and the instrumentation 

in MIM. In Chapter 3, I will talk about our research to image dual-moiré pattern in a tri-

layer stack graphene-based moiré heterostructures. We demonstrate a high spatial 

resolution (<2 nm) MIM imaging technique which will strongly benefit the research in 

moiré physics. Then (Chapter 4) I will present our study of correlated insulating states in a 

semiconducting moiré superlattice. The observed correlated insulating states at fractional 

fillings of the moiré superlattice suggests unexpected strong and long-range electron-

electron interactions in this system and prominent modulation of the optical properties for 

the material. In the Chapter 5, I will focus on our recent research about tuning moiré 

excitons and correlated electronic states through layer degree of freedom in 1L/ML (𝐌 =

1,2,3) WS2/WSe2 heterojunctions. Our study demonstrates the highly interfacial nature of 

the moiré potential and the electronic correlation strength can be tuned by additional WSe2 
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layers. In Chapter 6, we report the observation of a correlated excitonic insulator phase in 

1L/2L WS2/WSe2 moiré superlattices. At a total half filling of the moiré superlattice, the 

coexistence of electrons and holes in two separate WSe2 layers has been confirmed by 

optical measurements. The insulating nature of this new phase has been studied by MIM 

in single-gated or dual-gated devices where a new dual-gated device structure has been 

utilized. In the Chapter 7, I will talk about our MIM study (collaborated with transport 

measurements and magnetic characterization) on an emergent intrinsic magnetic 

topological insulator. Our work highlights the importance of the interplay between 

topological and magnetic order in this system. A clear observation of band crossing effect 

and topological conduction marks the topological phase transition during the magnetic-

field induced magnetic state evolution. In the last Chapter, I will briefly talk about our 

recent progress of MIM work in dual-gate device and have some outlook of what this 

enables us to explore systems with additional control knobs—electric displacement field. 
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Chapter 2 Scanning Microwave Impedance Microscopy 

Revolution in materials has helped to expand the limits of human endeavor and 

achievement. Recent advances in quantum materials have demonstrated promising 

potentials to enable next-generation technology for information storage and processing. 

The key is to harvest the quantum nature of electronic states in novel material systems 

through investigating the fundamental physics and exploring new methods to manipulate 

their properties. Since the successful isolation of monolayer graphene, two-dimensional 

(2D) van der Waals (vdW) materials have become a wonderful playground to realize 

various emergent quantum phenomena beyond conventional understandings. Its reduced 

dimensionality confines electronic states strictly into two dimensions, significantly 

enhancing the quantum nature, and the weak vdW interlayer coupling further allows new 

possibilities to form and control novel device structures, for example, by stacking multiple 

vdW monolayers to assemble a heterostructure. My research toward the PhD degree has 

been focused on the study of 2D electronic states using scanning probe microscopy. I 

mainly use scanning microwave impedance microscopy (MIM) to investigate the quantum 

states on the nanoscale. This chapter is by no means a comprehensive knowledge of the 

MIM technique, and the interested readers are referred to Ref [1–6].  
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2.1 Fundamentals of Microwave Impedance Microscopy 

 

Microwave is an electromagnetic radiation defined with a frequency ranging from 

300 MHz to 300 GHz and a wavelength of 1 m to 1 mm. The photon energy for a 

microwave is ranging from 1.24 ueV to 1.24 meV which is very small compared with the 

optical excitations. Thus, the interaction between microwave radiation and materials is 

more like a classical process. The electric response of the material to the external ac fields 

is characterized by the complex permittivity ε: 

𝜀 = 𝜀′ + ⅈ(𝜀′′ + 𝜎
𝜔⁄ ) 

Where 𝜀′  and 𝜀"  are the real and imaginary parts of the dielectric constant, 𝜎  is the 

conductivity and 𝜔 = 2𝜋𝑓 is the angular frequency. In MIM (Fig. 2.1a), a sharp metallic 

tip is brought into proximity to the sample’s surface with an applied microwave voltage. 

An ac coupling between the tip and sample can induce periodic dielectric polarization or 

local currents (on the nanoscale) to flow under the tip in the sample. The displacement 

current with a magnitude and phase is determined by the tip-sample admittance (defined 

a b c d 

Figure 2.1 Scanning MIM and probes. a, A simple schematic for scanning MIM 

measurement. Three commonly used MIM probes: b, Rocky Mountain probe; c, stripline-type 

MIM probe. d, Quartz tuning fork based MIM probes. Panel b adapted with permission from 

REF 2, Annual Reviews. Panel c adapted with permission from REF 13, copyright IOP 

Publishing; Panel d adapted with permission from REF 7, copyright IOP Publishing. 
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as 𝑌 = 1/𝑍, the inverse of impedance). An ac measurement of the tip-sample admittance 

can provide local information of the material, such as the dielectric and conductive 

properties. This is particularly useful as a direct resistance measurement (current against 

voltage) is not available in situations when achieving a low tip-sample contact resistance 

is challenging (Schottky barrier at the contact region) or unavailable (protective insulating 

layer on top of sample surface). 

 In a scanning MIM measurement, a typical tip size (~100 nm) is orders of 

magnitude smaller than the microwave wavelength. In the microwave near-field regime (in 

the quasi-static limit), the tip-sample admittance can be descripted by a lump-element 

model as shown in the inset of Fig. 2.1a, where the imaginary part (capacitance C) and the 

real part (1/R) depend on the sample electric properties. Specifically, C and 1/R are 

proportional to 𝜀′ and 𝜎, respectively. In typical measurements, the optimal frequency 𝜔 

is determined when the imaginary and real admittance are comparable [3]: 

𝜔𝐶 ≈ 1
𝑅⁄   →   𝜔𝜀′ ≈ 𝜎. 

For materials with a typical resistivity (1/𝜎) ranging from 10 to 105 Ω ∙ cm and 𝜀′~1 −

10𝜀0, the optimal measuring frequency is within the microwave frequency range of 0.1 −

10 GHz [1]. From the equation above, a higher frequency should be used to probe a larger 

sample conductivity.  

2.1.1 MIM Probe Design 

Traditional metallized atomic force microscopy (afm) probes (unshielded) have a 

large stray field coupling between the cantilever body and surrounding environment. The 

contributed large admittance will dominate the tip-sample admittance of our research 
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interest and thus need to be eliminated by special probe design. There are different ways 

to circumvent this problem. Micro-fabricated multilayer-structure cantilevers consisting of 

a fully shielded microwave stripline (see Fig. 2.1c) have been successfully employed in 

MIM measurements and they are commercially available1. As shown in Fig. 2.1b, special 

conductive afm probes with a tall shank of a metal tip2 can mitigate the stray field coupling. 

A tuning-fork based bare metal tip (Fig. 2.1d) has also been used with a high-aspect-ratio 

to minimize the stray field coupling [7]. The first two probes are readily compatible with 

commercial afm scanning control systems as they share the same cantilever design. For the 

tuning-fork based probe [8], its self-sensing capability and high quality factor have enabled 

excellent performance in MIM measurements especially in a cryogenic environment [7]. 

2.1.2 Impedance Matching and Measurement Schematic 

The tip-sample admittance is usually measured in a reflection mode (transmission-

mode MIM has been demonstrated can be found in Ref [9]). A microwave excitation is 

routed to the metal probe and the reflected signal which is due to the change in tip-sample 

admittance is used to generate the MIM signals3. In the transmission of a microwave, there 

will be some power loss in the form of reflection due to any unbalanced impedance at any 

point. For a uniform transmission line, the characteristic impedance is always 𝑍0 (usually 

50 Ω) which is defined by the ration of the amplitudes of the voltage and current along that 

line. The reflection coefficient 𝛤 at a joint point between a uniform transmission line and 

a load impedance (𝑍𝐿) will be  

 
1 From PrimeNano Inc. 
2 From Rocky Mountain Nachnology LLC. 
3 In-phase (MIM-Re) and out-phase (MIM-Im) as discussed later. 
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𝛤 =
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
.  (Note 4) 

 

The reflected power 𝑃 can be calculated as 𝑃 ∝ 𝛤2. By solving the equation of 

𝜕𝑃

𝜕𝑍𝐿
= 0, we learn that the change in the flection for a given small change in 𝑍𝐿 is largest 

when 𝑍𝐿 = 𝑍0 . To maximize the microwave power at the tip-sample junction, an 

impedance matching network will be used to transform the probe’s impedance close to 𝑍0 

to enhance the measurement sensitivity. Details about the matching network for probes we 

 
4 See appendices at the end of this chapter for characteristic impedance for a transmission line and 

impedance matching. 

Figure 2.2 MIM circuits and response curves. a, A detailed (but still simplified) schematic 

overview for MIM measurement. b, Simulated MIM response curves as a function of sample 

resistivity ρ. Panel a and b adapted with permission from REF 1, copyright Springer Nature. 
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used will be discussed in Section 2.2. Figure 2.2a shows the detailed schematic overview 

for a MIM measurement while some parts5 will be inside the cryostat in low-temperature 

measurements. By using directional couplers, the reflected signal is isolated from the input. 

A cancel signal (both magnitude and phase can be tunable) will be added to exclude any 

background signal before reaching the amplifier for higher gain. The amplified signal is 

further demodulated using an IQ mixer to generate two MIM channels (MIM-Im and -Re). 

The function of the IQ mixer can be considered as a lock-in amplifier working at 

microwave frequency with a reference signal (generated directly from the microwave 

source) to distinguish the in- and out-phase components. A further low-frequency 

modulation in the tip-sample admittance can be introduced by modulating tip-sample 

distance 𝑍𝑡𝑠  or sample carrier density with an ac gate voltage 𝑉𝑔𝑎𝑡𝑒 , etc. Then the 

modulated MIM signals are demodulated by a lock-in amplifier to obtain a robust MIM 

measurement against any background signal drift.  

2.1.3 Understanding MIM Signals 

 In general, MIM probes have a large overall self-admittance which is much larger 

than the tip-sample admittance (𝑌𝑝𝑟𝑜𝑏𝑒 ≫ 𝑌𝑡−𝑠). The overall self-admittance of the probe 

𝑌𝑝𝑟𝑜𝑏𝑒 is constant during scanning. Thus, the MIM-Im/Re signals are good indicators for 

the imaginary/real variations of tip-sample admittance [4]. A direct correspondence is 

established with a known proportionality constant (amplified constant). The two parts 

(𝑌𝑝𝑟𝑜𝑏𝑒 and 𝑌𝑡−𝑠) are in parallel configuration and the total admittance of the probe-sample 

 
5 These include the sample and tip with matching, two directional couplers, a bias tee, and a low-

temperature preamplifier. 
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𝑌𝑡𝑜𝑡𝑎𝑙 is basically a summation, i.e., 𝑌𝑡𝑜𝑡𝑎𝑙 = 𝑌𝑝𝑟𝑜𝑏𝑒 + 𝑌𝑡−𝑠. With an impedance matching 

network, 𝑌𝑡𝑜𝑡𝑎𝑙 is transformed to 𝑌0 = 1/𝑍0 to enhance the measurement sensitivity. We 

can refer the admittance after the introduction of a matching network to be 𝑓𝑚𝑎𝑡(𝑌𝑡𝑜𝑡𝑎𝑙). 

The reflection coefficient can be calculated as the following 

𝛤 =
𝑍𝐿−𝑍0

𝑍𝐿+𝑍0
=

1
𝑓𝑚𝑎𝑡(𝑌𝑡𝑜𝑡𝑎𝑙)⁄ −1

𝑌⁄
0

1
𝑓𝑚𝑎𝑡(𝑌𝑡𝑜𝑡𝑎𝑙)⁄ +1

𝑌⁄
0

=
𝑌0−𝑓𝑚𝑎𝑡(𝑌𝑡𝑜𝑡𝑎𝑙)

𝑌0+𝑓𝑚𝑎𝑡(𝑌𝑡𝑜𝑡𝑎𝑙)
. 

We define the MIM signal as M, the incident microwave signal as A (both are complex 

with an amplitude and a phase). Thus, the measured MIM signal can be obtained as 

𝑀 = 𝐴 ∙ 𝑒𝑖𝜙 ∙ 𝛤 = 𝐴𝑒𝑖𝜙 ∙
𝑌0−𝑓𝑚𝑎𝑡(𝑌𝑡𝑜𝑡𝑎𝑙)

𝑌0+𝑓𝑚𝑎𝑡(𝑌𝑡𝑜𝑡𝑎𝑙)
, 

where 𝜙 is the phase difference with respect to the input signal and will be pre-determined 

as a constant in the measurement. What really matters here is the reflection coefficient 𝛤 

as a function of 𝑌𝑡−𝑠. With 𝑌𝑡𝑜𝑡𝑎𝑙 ≈ 𝑌0 and 𝑌𝑝𝑟𝑜𝑏𝑒 ≫ 𝑌𝑡−𝑠, an approximation for the MIM 

signal can be expressed as 

𝑀 = 𝐴 ∙ 𝑒𝑖𝜙 ∙ 𝛤(𝑌𝑝𝑟𝑜𝑏𝑒 + 𝑌𝑡−𝑠) ≈ 𝐴 ∙ 𝑒𝑖𝜙 ∙ [𝛤(𝑌𝑝𝑟𝑜𝑏𝑒) + 𝛤′|𝑌=𝑌𝑝𝑟𝑜𝑏𝑒
(𝑌) ∙ 𝑌𝑡−𝑠], 

𝑀 ≈ 𝐶𝑔𝑎𝑖𝑛 ∙ 𝑌𝑡−𝑠 + 𝑐𝑜𝑛𝑠𝑡. 

where 𝐶𝑔𝑎𝑖𝑛depends on the actual experimental setup (consisting of any amplifier used) 

and is a constant. Thus, the imaginary (MIM-Im) and real (MIM-Re) parts of M are linearly 

proportional to the imaginary and real parts of the  𝑌𝑡−𝑠, respectively. The variation of the 

tip-sample admittance can be measured as 

𝛥(MIM − Im) = 𝐶𝑔𝑎𝑖𝑛 ∙ 𝐼𝑚(𝛥(𝑌𝑡−𝑠)), 

𝛥(MIM − Re) = 𝐶𝑔𝑎𝑖𝑛 ∙ 𝑅𝑒(𝛥(𝑌𝑡−𝑠)). 

A quantitative correlation of the tip-sample admittance 𝑌𝑡−𝑠 to the local complex 

permittivity (𝜀′ + ⅈ(𝜀′′ + 𝜎
𝜔⁄ )) can be hard in the solution to a Maxwell’s equations with 
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correct boundary conditions and requiring a highly symmetric geometry for the tip and 

sample. With the modern computation power, using finite-element analysis (FEA) 

methods, it’s now practical to directly compute the tip-sample admittance in the quasi-

static limit for arbitrary tip-sample geometry [10]. Instructions on performing a FEA 

analysis can be found elsewhere [6]. A numerical determination of the tip-sample 

admittance can be calculated as a function of the local sample properties, such as the local 

conductivity6, which we refer as the microwave response curves as shown in Fig. 2.2b. 

Within the dynamical sensing range, the MIM-Im signal increases monotonically with 

respect to the local conductivity, while the MIM-Re signal peaks at an intermediate 

conductivity value. The general shape of the response curves can be qualitatively 

understood in the following way. When the sample is highly insulating (a low 

conductivity), it acts as a good dielectric material and the admittance is dominated by the 

capacitance part. The electric field can easily penetrate the sample and the admittance is 

low. With an increasing conductivity, the screening of the microwave electric field 

becomes more evident as oscillation current can be induced. The sample effectively 

couples to the tip apex and forms a large capacitance, leading to a high tip-sample 

admittance at the high conductivity limit. In the range of intermediate conductivity, the 

dielectric energy loss in the material will be maximized and this leads to a MIM-Re peak 

value. When the sample becomes very conductive, the microwave electric field is 

completely screened by the sample and the overall energy dissipation is minimum at this 

limit. Particularly, the MIM-Im channel is a good qualitatively measure of the local 

 
6 For the quantum materials we are interested in, conductivity variations are most prevalent. 
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conductivity: a higher/lower MIM-Im signal indicates a larger/smaller local conductivity 

in the sample. 

To be pointed out that, the spatial resolution for an MIM measurement is 

determined by the profile of the microwave electric field between the tip and sample. It 

depends on the tip apex geometry and can be estimated in the FEA simulation for a given 

sample structure.  

2.2 MIM Instrumentation 

2.2.1 Experimental Setup for a Cryogenic MIM Measurement 

A schematic diagram for the actual instrumentation used in our research is similar 

as that in Fig. 2.2a. The scanning head (including tip and sample), impedance matching 

network, two directional couplers, bias Tee and a low-noise pre-amplifier are placed under 

cryogenic temperature. A helium-4 cryostat (base temperature ~2.5 K 7 ) with a 

superconducting magnet (a maximum vertical B field at 9 T) is used for the measurements 

at cryogenic temperature. The system has a commercial SPM control platform (Nanonis 

RC5). The matching network is usually attached to the probe itself. To achieve high signal-

to-noise performance, a high-gain HEMT preamplifier8 (working at 0.3-14 GHz) is placed 

inside the cryostat. We have made two microwave electronics working at 1-3 GHz and 5-

12 GHz, respectively. After the second-stage microwave amplifier, the signal is further 

 
7 The sample is cooled by helium exchange gas to a typical temperature around 8 K. It can reach the base 

temperature with pumping the “1K-pot” space and keeping the needle valve open. 
8 A high-electron-mobility-transistor (HEMT). 
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amplified in the DC stage before entering a low-frequency lock-in9 to generate the MIM-

Im and MIM-Re signals. 

2.2.2 MIM Electronics [6] 

The instrumental gain is 106 dB (2x105) at 1kHz bandwidth. Assuming an input 

power of -20 dBm, a 1aF capacitance change at the tip produces ~30 mV in the input: 

𝛥𝑣𝑂𝑢𝑡 = 𝑣𝑖𝑛
+ ⋅ 𝛥𝑆11 ⋅ 𝐺 = 22 𝑚𝑉𝑟𝑚𝑠 ⋅ 7 × 10−6 ⋅ 2 × 105 = 30 mV 

2.2.3 Tuning Fork Based MIM Probes 

Scanning MIM with its capability to characterize the local electronic properties of 

a sample strongly relies on the MIM probe development. Commercial stripline-type 

cantilevers have been widely used in contact-mode scanning MIM measurements which 

requires applying a large force to maintain the tip-sample contact. Besides the common tip 

wearing effect in the contact-mode measurement which strongly affect the MIM signals, 

there are other considerations which should be considered. As a large background signal is 

nulled out with a common-mode cancellation, the obtained MIM signals are just a measure 

of the relative change in the admittance rather than the absolute value. The background 

signal may drift overtime and is susceptible to temperature or other experimental variations 

(such as applied magnetic field). Obtaining a direct measure of the local sample 

permittivity in a drift-free and more reliable way has been demonstrated in tapping-mode 

MIM measurements. In tapping-mode measurements, the tip is excited to oscillated near 

its resonance. Thus, a modulation of the tip-sample admittance is introduced and the 

demodulated MIM signals are thus robust against background drift and are good indication 

 
9 Depends on the frequency of the modulation. In tunning-fork based MIM, it’s the resonance frequency 

(~32.7 kHz) of the quartz. 
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of the absolute admittance. Stripline-type cantilever probe requires an additional laser 

deflection feedback loop to control the force applied and thus tip-sample oscillation. Due 

to the multi-layer structure, it is just a fair oscillator with a limited quality factor. This 

strongly limits its sensitivity to small vibration in tip-sample interaction or other 

experimental variations (thermal expansion effect or relaxation under an applied magnetic 

field).  

Recently, the idea of quartz tuning fork (TF) based tapping mode scanning [8,11] 

has been introduced in alternative MIM measurements [7]. Quartz tuning fork, a single 

crystal with piezoelectric effect, has very low internal dissipation during resonant 

oscillation and an extremely high quality factor Q can be achieved10. With its self- sensing 

capability, a good MIM performance can be achieved in a stable fashion. Furthermore, it 

can be incorporated into a scanning tunneling microscopy setup since they share a similar 

structure. 

 
10 With a metal wire attached on one prong, the Q can be high as 200 000 in vacuum at low temperatures. 
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MIM probe based of this type consists of a small diameter metal wire which is glued 

to the end of one prong of the quartz TF as shown in Fig. 2.3. Following the commonly 

used chemical etching method11, a tungsten tip with a sharp apex has been used (Fig. 2.3b) 

and the special geometry with a large aspect ratio will strongly suppress the stray coupling 

between the tip and its surroundings. The other end of the wire is soldered to the center 

conductor of a transmission line (a semi-rigid coax cable). The coax cable is connected to 

the microwave circuits via a small capacitor (~0.2 pF) in series12. An impedance matching 

network is formed by the formation of a half-wavelength resonator with the metal wire, the 

coax cable, and the series capacitor (Fig. 2.3c). The microwave electric field will be 

 
11 Tungsten wires (25 um diameter) with gold coating are etched in KOH solutions (~1 mol/L) with DC 

~1.2 V.  
12 A large surface-mount resistor (100 Mohm) has been placed in parallel to the capacitor to enable a DC 

voltage applied to the metal tip if needed.  

Figure 2.3 TF-based MIM probe and circuits. a, Image for a tuning fork based MIM 

probe. b, SEM image for the tip apex. c, circuit diagram with impedance matching for this 

probe. Panel a-c adapted with permission from REF 7, copyright IOP Publishing. 

10 

um 
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maximized at the tip apex and enhance the sensitivity of tip-sample admittance. The length 

of the tungsten wire is ~10 cm and a fundamental resonant frequency of ~1.07 GHz is 

achieved. Higher-order resonances such as ~10 GHz have been used to probe samples with 

a conductivity higher than the dynamic sensing range of 1 GHz. A similar matching 

network can be used for probes from Rocky Mountain LLC since the cantilever here is 

made from a metal wire. 

A quartz tuning fork consists of two prongs connected at one end and form a 

resonator with its resonance frequency determined by its geometry [12]. The first 

fundamental oscillation is a symmetric motion of the two prongs in the plane of the tuning 

fork (~32 kHz). Quartz crystal is a piezoelectric material which can generate mechanical 

oscillation under an electric excitation and conversely, generate electric charges by the 

mechanical deformation. The quartz we purchased has a pair of prepared electrodes on its 

surface with special patterns. Applying an ac voltage (close to resonance frequency) to one 

electrode will introduce resonant motion of the prongs and the mechanical deformation 

will generate an electric current at the other electrode. The actual magnitude of the 

mechanical oscillation is proportional to the current value. The TF current signal can be 

detected by using a transimpedance (current to voltage) amplifier. The converted voltage 

signal is further fed to a phase-locked loop amplifier for the track of the minute change of 

the resonance (usually resonant frequency shift) as the tip is interacting with sample 

surface. With a feedback control, a fixed positive resonance frequency-shift (~1 Hz out of 
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32.5 kHz) will maintain the tip-sample interaction with a constant repulsive force13. In our 

low-temperature measurements, we usually set the tip oscillation with an amplitude of ~7 

nm with a closest tip-sample distance of ~2 nm using such a control system. By modulation 

the tip-sample distance, the MIM signals will also be modulated at the resonant frequency 

and are further demodulated by a lock-in amplifier. Throughout the research in this thesis, 

we simply refer the MIM-Im and MIM-Re are the demodulated MIM signals, which are 

good indicators of the absolute tip-sample admittance. 

2.2.4 Matching Network for Stripline-Type Probe 

The matching network for the stripline -type MIM probe can be found elsewhere [6] 

(see Fig. 2.4). For the configuration we use a stub tuning impedance matching as shown in 

Fig. 2.4g. We choose a quarter wavelength (𝜆/4) transmission line attached directly to the 

probe. An open-end tuning stub is used and trimming the stub cable in length will select 

desired matching frequency. A successful matching network will require any joint places 

to be minimized to reduce unnecessary reflection. 

 

 
13 In frequency-modulated atomic force microscopy, a repulsive tip-sample force will usually shift the 

resonance to a higher value. 

Figure 2.4 Matching networks for 

stripline-type MIM probe.  Impedance 

matching network of different 

frequencies for a stripline-type MIM 

probe. Panel a-h adapted with 

permission from REF 6, copyright 

Xiaoyu Wu, University of Texas, 

Austin. 



 

19 

 

2.2.5 Locating 2D Material Thin Flakes 

After placing the sample and MIM probe in the insert, we will use an optical 

microscope to locate the sample in air by approaching the tip towards sample and moving 

the sample stage in XY-scan plane. Once the tip finds the sample as shown in the image of 

the microscope, it will be withdrawn by a certain amount of distance. The whole insert will 

be closed by a can and load into the cryostat. Once reaching helium temperatures, we will 

manually approach the tip by another amount of distance and leave the rest of the tip-

sample gap to be finished by automatically approaching (typical auto-approach in SPM). 

Usually, the tip will land the sample chip with an xy-plane distance of about several um as 

we align at room temperature due to thermal drift during cooling. 

2.2.6 MIM Measurement for Scan Images and Point Spectroscopy 

The most important thing for a MIM measurement is to determine the phase for the 

MIM-Im and MIM-Re channels. This can be done by scanning the tip between a very 

conductive region (metal contact) or very insulating region (SiO2/Si substrate). From the 

conventional MIM response curves, we know that the contrast only shows in MIM-Im 

channel but not in MIM-Re. By changing the phase of the microwave reference signal to 

the IQ-mixer, this condition can be met, and the calibration is acquired. During an MIM 

measurement, a spatial scan can be obtained to visualize inhomogeneity in the local 

electronic properties. In a sample device incorporated with electrostatic gating, carrier 

density can be tuned, and a series of spatial images will provide spatial evolution of 

electronic states of the sample. Point spectroscopy can also be measured by parking the tip 

at selected positions. MIM signals will be recorded with variation of experiment 
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parameters, such as carrier density and temperature. In point spectroscopy measurements, 

a calibration can also be done by changing the reference phase to fulfill the requirement of 

the response curves by taking the MIM data when sample are very conductive or very 

insulating as reference points. 

 

Appendices 

Waveguides – Transmission Line and Characteristic Impedance14 

 

A transmission line consists of a center conductor and an outside shielding layer, 

such as a coaxial cable geometry. Define the direction for E and B. V is voltage difference 

between the two conductors. I is the current flowing in the conductor (reverse in the 

outside). 𝑐𝑢 and 𝑙𝑢 are the capacitance and conductance per unit length. For a short section 

of transmission line from 𝑧 to 𝑧 + 𝛥𝑧. V and I will be functions of 𝑧 and 𝑡 (time). During 

a short time interval 𝛥𝑡, there will be changes on the conductors. For inner conductor,  

𝛥𝑞 = 𝐼(𝑧)𝛥𝑡 − 𝐼(𝑧 + 𝛥𝑧)𝛥𝑡 = −
𝜕𝐼

𝜕𝑧
𝛥𝑧𝛥𝑡 

Change in q will induce a change in V due to the capacitance: 

𝛥𝑞 = 𝑐𝑢𝛥𝑧𝛥𝑉  

 
14 From YT Cui’s class notes. 
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𝑐𝑢𝛥𝑧𝛥𝑉 = −
𝜕𝐼

𝜕𝑧
𝛥𝑧𝛥𝑡 

𝜕𝑉

𝜕𝑡
= −

1

𝑐𝑢

𝜕𝐼

𝜕𝑧
 

Considering the self-inductance, the change in I over time will induce a change in V over 

distance: 

𝑉(𝑧 + 𝛥𝑧) − 𝑉(𝑧) = −𝑙𝑢

𝜕𝐼

𝜕𝑡
𝛥𝑧 

𝜕𝑉

𝜕𝑧
= −𝑙𝑢

𝜕𝐼

𝜕𝑡
 

Combine both equations,  

𝜕2𝑉

𝜕𝑧2
= 𝑙𝑢𝑐𝑢

𝜕2𝑉

𝜕𝑡2
 

𝜕2𝐼

𝜕𝑧2
= 𝑙𝑢𝑐𝑢

𝜕2𝐼

𝜕𝑡2
 

Which are 1D wave propagation. 

The speed of wave is 𝑐∗ =
1

√𝑙𝑢𝑐𝑢
  and 𝑘 =

𝜔

𝑐∗ =
2𝜋

𝜆
 

𝑉(𝑧, 𝑡) = 𝑉0𝑒𝑖(𝑘𝑧−𝜔𝑡) 

𝐼(𝑧, 𝑡) = 𝐼0𝑒𝑖(𝑘𝑧−𝜔𝑡) 

Plug in 
𝜕𝑉

𝜕𝑡
= −

1

𝑐𝑢

𝜕𝐼

𝜕𝑧
 and we get 

−ⅈ𝜔𝑉0 = −
1

𝑐𝑢
ⅈ𝑘𝐼0 

𝑉0

𝐼0
=

1

𝑐∗𝑐𝑢
= √

𝑙𝑢

𝑐𝑢
= 𝑍0 

𝑍0 is the characteristic impedance for the transmission line. 
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Consider a load 𝑍𝑙𝑜𝑎𝑑 is connected between the two conductors at one end. 

The incident wave 𝑉+ will be partially reflected. The reflection can be solved by the 

boundary condition.  

𝑉+ = 𝑉+
0𝑒𝑖(𝑘𝑧−𝜔𝑡) and  𝐼+ = 𝐼+

0𝑒𝑖(𝑘𝑧−𝜔𝑡) 

and reflection: 𝑉− = 𝑉−
0𝑒𝑖(−𝑘𝑧−𝜔𝑡) and  𝐼− = 𝐼−

0𝑒𝑖(−𝑘𝑧−𝜔𝑡) 

𝑉𝑙𝑜𝑎𝑑 = 𝑉+ + 𝑉− 

𝐼𝑙𝑜𝑎𝑑 = 𝐼+ − 𝐼− 

𝑍𝑙𝑜𝑎𝑑 =
𝑉𝑙𝑜𝑎𝑑

𝐼𝑙𝑜𝑎𝑑
=

𝑉+
0𝑒𝑖(𝑘𝑧−𝜔𝑡) + 𝑉−

0𝑒𝑖(−𝑘𝑧−𝜔𝑡)

𝐼+
0𝑒𝑖(𝑘𝑧−𝜔𝑡) − 𝐼−

0𝑒𝑖(−𝑘𝑧−𝜔𝑡)
 

Since 
𝑉+

𝐼+
=

𝑉−

𝐼−
= 𝑍0,  

𝑍𝑙𝑜𝑎𝑑

𝑍0
=

𝑉+
0𝑒𝑖𝑘𝑧 + 𝑉−

0𝑒−𝑖𝑘𝑧

𝑉+
0𝑒𝑖𝑘𝑧 − 𝑉−

0𝑒−𝑖𝑘𝑧
 

The reflection 𝑟 ≡ |
𝑉−

𝑉+
|, so 

𝑍𝑙𝑜𝑎𝑑

𝑍0
=

1 + 𝑟

1 − 𝑟
 

And  
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𝑟 =
𝑍𝑙𝑜𝑎𝑑 − 𝑍0

𝑍𝑙𝑜𝑎𝑑 + 𝑍0
 

𝑅 = 𝑟2 = (
𝑍𝑙𝑜𝑎𝑑 − 𝑍0

𝑍𝑙𝑜𝑎𝑑 + 𝑍0
)2 

Typical values of the characteristic impedance for different transmission lines: 

TV antenna 300 ohm, cable 75 ohm. 

For most scientific instruments, Z0= 50 ohm, depends on the specific geometry of the 

transmission line. 

 

Additional reference  [13]. 
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Chapter 3 Imaging Dual-Moiré Lattices in Twisted Bilayer Graphene Aligned on 

Hexagonal Boron Nitride Using Microwave Impedance Microscopy 

Moiré superlattices (MSL) formed in van der Waals materials have become a 

promising platform to realize novel two-dimensional electronic states. Angle-aligned 

trilayer structures with two interfaces can form two sets of MSLs which could potentially 

interfere. Here, we present direct imaging of the moiré patterns in both monolayer and 

twisted bilayer graphene aligned on hBN, using combined microwave impedance 

microscopy (MIM) and conductive atomic force microscopy (cAFM). Correlation of the 

two techniques reveals the contrast mechanism for the achieved ultrahigh spatial resolution 

(<2 nm). Dual-moiré superlattices with different periodicities have been observed in the 

later trilayer stack. The smaller MSL breaks the rotational symmetry (C6) and exhibits 

abrupt discontinuities at the boundaries of the larger MSL. Using a rigid atomic-stacking 

model, we demonstrate that the hBN layer considerably modifies the MSL of the twisted 

bilayer graphene. We further analyze its effect on the reciprocal space spectrum of the dual-

moiré system. The content of this research was published in my co-first authored paper, in 

which my contribution includes MIM measurements, data analysis and manuscript writing. 

Huang, X.*, Chen, L.*, Tang, S., Jiang, C., Chen, C., Wang, H., Shen, Z. X., Wang, 

H. & Cui, Y. T. Imaging Dual-Moiré Lattices in Twisted Bilayer Graphene Aligned on 

Hexagonal Boron Nitride Using Microwave Impedance Microscopy. Nano Lett. 21, 4292–

4298 (2021). [1] 
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3.1 Moiré Superlattices in 2D Materials and Emergent Quantum Phases 

Stacking two layers of atomically thin materials of similar structures at a controlled 

alignment angle can form a MSL. For example, such a MSL can form in aligned monolayer 

graphene on hBN or in twisted bilayer graphene (shown in Fig. 3.1). In a bilayer stack with 

a small twisted angle θ, the lattice constants are 𝑎0  and 𝑎0(1 − 𝛿) for the two layers, 

respectively. The moiré wavelength λm can be calculated using the following equation [2]: 

𝜆𝑚 =
𝑎0(1 − 𝛿)

√2(1 − 𝛿)(1 − cos 𝜃) + 𝛿2⁄ ,  

The lattice mismatch (𝛿) is about several percent for commonly studied materials and the 

twist angle is usually within several degrees15. The MSL could have a periodicity ranging 

from ten to hundreds of nanometers, much larger than those of individual atomic lattices. 

The periodic modulation in the MSL can strongly modify the electronic structure of one or 

both layers and thus providing a promissing platform to explore novel electronic phases in 

two dimensions. In 0°-aligned monolayer graphene (MLG) on hBN sturcture, the MSL can 

induce secondary Dirac cones in the electronic band structure of MLG, leading to a fractal 

structure in the Landau level spectrum, known as the Hofstadter’s butterfly as shown in 

Fig. 3.1a [3–5].Magic angle (~1.1°) twisted bilayer graphene can form ultraflat minibands 

(Fig. 3.1b) which host strongly correlated Mott insulator and superconducting states [6–

8]. The idea has been further realized in various versions of twisted graphene systems as 

well as semiconducting transition metal dichalcogenide moiré superlattices [9,10,19–

26,11–18]. When a twisted bilayer graphene is further aligned on the hBN layer, 

 
15 Interestingly, a 30°-twisted bilayer graphene will form a quasicrystal. 

https://journals.aps.org/prb/abstract/10.1103/PhysRevB.93.201404
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ferromagnetism can be induced in the trilayer stack and quantized anomalous Hall effect 

has been reported, indicating the formation of a Chern insulator state [27,28]. In such 

aligned trilayer stacks, multiple MSL can potentially form, providing an extra degree of 

freedom for the electronic band engineering [29–31]. 

  

 It’s of great importance to directly image an MSL for characterizing the geometric 

structure. Spatially resolved techniquues are idea tools for this purpose as they provide 

direct information in the real space. Traditional imaging techniques such as transmission 

electron microscopy [32,33] and scanning tunneling microscopy [34–39] have been used 

to image MSLs but these methods require specialized sample preparation with a low 

throughput. Different imaging modules based on atomic force microscope [2,26,30,40–45] 

have been utilized to visulize MSL but to further improve the resolution is still challenging. 

Here we report the observation of a dual-moiré pattern in a chemical vapor deposition 

(CVD) grown twisted bilayer graphene (TBG) which is aligned on an BN substrate using 

a 

b 

Figure 3.1 

Engineering flat 

bands in van der 

Waals 

heterostructures. a, 

Hofstadter’s 

minibands in aligned 

monolayer 

graphene/hBN system 

under a magnetic field. 

b, Zero-magnetic-field 

flat bands in twisted 

bilayer graphene. 

Panel a-b adapted with 

permission from REF 

16, copyright Springer 

Nature. 
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both scanning MIM and cAFM. An ultrahigh spatial resolution has been achieved (better 

than 2 nm) and no additional sample preparation is required before performing MIM scan. 

The correlation between two complementary scan images pinpoints the tip-graphene 

contact resistance as the mechanism for the unexpected ultrahigh resolution. In the TBG-

hBN trilayer structure, two sets of MSLs are observed: a larger MSL (~16 nm) due to the 

0°-aligned graphene/hBN and a smaller MSL (3–6 nm) due the the TBG. The smaller MSL 

is distorted and exhibits abrupt discontinuities at the boundaries of the larger MSL. Using 

a rigid atomic stacking model, these features are recovered by considering all three layers 

in the formation of the dual-moiré pattern. Our analysis of the dual-moiré pattern in the 

reciprocal-space suggest a potential modification of the electronic structure of the TBG.  

3.2 Sample Preparation and Ultrahigh Resolution Scanning MIM 

3.2.1 CVD-Grown Monolayer and Twisted Bilayer Graphene on hBN Substrate 

Before the growth of graphene layers, the hBN flakes are mechanically exfoliated 

onto quartz and annealed at 600 °C in oxygen flow to remove residues. Then the quartz 

substrate with hBN is placed in a graphite tube and put into the CVD chamber. The CVD 

growth of twisted bilayer graphene is carried out at 1300 °C. First, a mixture of ethyne and 

silane in pulsed flow is introduced to form the first polycrystalline graphene layer, and then 

the mixture is tuned to be in a stable flow to grow the second graphene layer. After that, 

the substrate cools slowly to room temperature. For the MIM measurement, the sample 

requires little preparation. For the cAFM measurement, an electrical contact is made to the 

polycrystalline graphene layer that is continuous in a large area, using silver epoxy in 

remote locations far from the tip scan regions. In the previous research by our 
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collaborators [2], single crystalline graphene monolayers have been grown on the hBN 

substrate with the crystals precisely aligned (twist angle < 0.05°). In our study here, the 

twist angles for the second graphene layer range from 2 − 5°. 

 

3.2.2 MIM and cAFM Measurements of Monolayer Graphene/hBN Structure 

First, we demonstrate high-resolution MIM imaging of the MSL in monolayer 

graphene on hBN. The setup of the measurement is shown in Fig. 3.2a. In 0°-aligned 

graphene/hBN structure, the MSL is calculated to have a periodicity of approximately 14 

nm16. In the MIM measurement, a shielded cantilever probe17 is in direct contact with the 

grapgene layer. A microwave signal (about 0.01 mW at 3 GHz) is routed to the probe, and 

 
16 Lattice mismatch ~1.8% between graphene and hBN. 
17 The cantilever probes for MIM are purchased from PrimeNano Inc. 

Figure 3.2 High-resolution imaging of moiré pattern in monolayer graphene/hBN 

sample. a, Schematics of the experimental setup. Simultaneously acquired (b) MIM  and 

(c) cAFM images. d, Extracted line data from (b) and (c) along the dotted lines. e, 

Effective circuit model for the tip-graphene impedance probed in the contact mode MIM. 

Scale bars are 20 nm. Panel a-e adapted with permission from REF 1, copyright ACS. 

https://www.primenanoinc.com/probes.html
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the reflected signal is demodulated to generate the MIM signals. In the MIM electronics, a 

microwave IQ-mixer is used which can be considered as a lock-in working at GHz 

frequencies.  

We are using the Bruker Dimension Icon AFM platform to perform the scanning. 

It is equiped with an optical microscope on the side which will help us to quickliy locate 

the hBN flakes which has graphene layers grown ontop. However, monolayer or bilayer 

graphene are almost invisible in the view of this optical microscope (the substrate here is a 

thick BN layer ontop of a sapphire chip while in common exfloiation process researchers 

use silicon chip with an oxidate layer (~300 nm) which enables them to directly visulize 

the monolayer graphene)18. First, a large-range (tens of um) tapping-mode MIM scan will 

be performed to search for graphene layers. Thanks for MIM’s ability to image local 

conductivity, any graphene crystaline layers will manifest as a regular shape (hexagons) 

with large contrast in conductivity compared with the neigrbouring BN substrate. But 

before visualizing the moire patter in G/BN superlattice, continuous contact-mode scan 

(called AFM cleaning) needs to be done to improve the sample quality. This can be done 

by simply increase the deflection setpoint (which will increase the applied force between 

the tip and sample) and monitor the MIM channels during the continuous scan. Eventually, 

one will see some features in the MIM channels19. By carefully conditioning the tip-sample 

junction (tune the scan parameters), direct visualization of the moire pattern at nanoscale 

can be achieved. 

 
18 Please see the seminar paper Making Graphene Visible, APL 91, 063124, (2007). 
19 Not in topography channels. 
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Before moving forward to analysis of the MIM images, one thing will need to be 

discussed on how to calibrate the MIM channels, i.e. distinguishing the Im and Re 

channels. In the conventional MIM measurements, the tip-sample impedance is determined 

by a capacitive coupling due to the insulating spacer which contributes to an interface 

capacitor in the circuit model (as shown in the inset of Fig. 3.3a) with a typical response 

curve. The signal difference between the insulating and conductive limits of the sample 

conductivity provides a reference for the maxium MIM-Im contrast one can expect for this 

model. Usually, a calibration sample (such as patterned Al thin films with a top native 

oxide layer of several nanometer thick) can be used to obtain a reference value for the 

maximum MIM-Im contrast. In our direct-contact MIM measurement on graphene moiré 

systems, the MIM contrast between center and corner of the moiré hexagon is often much 

larger than the maximum reference contrast measured on the calibration sample, indicating 

the breakdown of the conventional tip-sample impedance model. 

Figure 3.3 Simulated MIM response curves based on two effective circuit models. a, 

Conventional MIM measurements. The tip-sample dominated by an interface capacitance. 

b, Direct contact MIM measurement with a good electrical conduction for tip-sample 

junction. The response curves plot the imaginary and real parts of the tip-sample admittance 

(inverse of impedance) as a function of varying tip-sample contact resistance. Panel a-b 

adapted with permission from REF 1, copyright ACS. 
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A typical MIM20 image of a graphene/hBN MSL is shown in Fig. 3.2b. It has a 

honeycomb pattern expected for the MSL which clearly shows the commensurate-

incommensurate transition in small angle twisted graphene/hBN as previously visualized 

by Young’s modulus afm images [43]. This image shows a spatial resolution better than 2 

nm. Some noticeable distortions are likely due to local strains in the graphene flake formed 

during the high-temperature growth process. Fourier transform analysis reveals an 

averaged periodicity of ~16 nm, corresponding to a tensil strain of ~0.15% in the 

monolayer graphene. It is worth noting that the ultrahigh spatial resolution is 

unprecedented in conventional MIM experiments, whose resolution is dominated by the 

actual tip size (~50 nm) [46–48]. Recently, there are groups reporting high resolution in 

MIM imaging of MSLs [49–51]. Reference [49] identified the formation of a sharp 

protrusion during the tip condition process in repeated scanning. Reference [50,51] 

proposed that water meniscus trapped at the tip apex or piezoelectric effect could be 

responsible for the high spatial resolution. We will show that, by correlating with 

simultaneously acquired cAFM images, we conclude that the MIM signal contrast is caused 

by the local variation of tip-sample contact resistance. 

 The MIM cantilever is a metal probe which can be used for cAFM measurement. 

For combined MIM and cAFM measurements (shown in Fig. 3.2a), an additional low-

frequency AC voltage (5 mV at ~7.4 kHz) is coupled through a microwave bias tee and 

applied to the MIM probe on top of the microwave signal. The current flowing through the 

 
20 Here we use MIM instead of MIM-Im or MIM-Re to reserve the reference phase issue until further 

discussion. 
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tip-sample junstion is amplified and recorderd as the cAFM image. We also performed 

standalone cAFM measurement (for 4.2°-twisted TBG/hBN device #2) using specialized 

cAFM probes21, when only cAFM is measured with applied DC bias: 5-10 mV. 

 Figure 3.2c plots the cAFM image obtained simultaneously with the MIM image 

in Fig. 3.2b. The two images show strikingly similar patterns and even fine features look 

almost identical as demonstrated in the linecuts in Fig. 3.2d. Such high degree of similarity 

indicates that the contrast mechanism for the MIM signal is the same as that of cAFM, i.e., 

the tip-graphene contact resistance. As illustrated in Fig. 3.2e, when the tip is in good 

electric contact with the graphene layer, a contact resistance forms at the tip-graphene 

junction, which allows the low-frequency current to flow through. It also contributes the 

total tip-sample impedance at microwave frequency, which modulates the microwave 

reflection and produces the MIM signal contrast. The high spatial resolution is thus 

determined by the electrically conductive tip-sample contact interface which can be 

subnanometers in size depending on the contact quality [41].  

In typical MIM measurements, the tip-sample electric contact is usually  dominated 

by a thin insulating spacer layer (such as hBN layers). As a result, the typical MIM response 

curves, obtained by modeling the tip-sample contact as a capacitance (Fig. 3.3a), do not 

apply to this case. As suggested by the combined MIM-cAFM measurement, tip-sample 

interface has a contact resistance which is on the order of tens kOhms. The effective circuit 

model and the corresponding response curves are shown in Fig. 3.3b. Note than the span 

of the tip-sample admittance (y-axis) is much larger than that of theconventional model. 

 
21 Asylum electrolever tip with conductive coating for nano-electrical measurements. 

https://estore.oxinst.com/us/products/microscopy-supplies/afm-probes-catalog/zid805.ASYELEC.01-R2?gclid=Cj0KCQjwyYKUBhDJARIsAMj9lkEhZnlmQvmZ_HCGVKWpCyJtxAWDUseaBomvUnfnqZ2sBz4n9iig5RAaAjjfEALw_wcB
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The MIM signal contrast of the tip-sample admittance from Figure 3.2b (after calibration 

of the signal gain) corresponds to an admittance change of ~6 uS, which agress reasonably 

well with estimates from cAFM data in Figure 3.2c, ~2 uS. The deviation could be due to 

the uncertainty in the tip geometry used in the calibration procedure.  

Unlike cAFM, the MIM measurement does not require a counter electrtode on the 

sample, making it more versatile to characterize the MSL without going through extensive 

fabrication processes for making electric leads. 

3.3 Dual-Moiré Pattern in TBG/hBN Trilayer Structure 

During the CVD growth, a second graphene layer (G2) can grow on top of the first 

graphene layer (G1) at an angle which varies at different locations. It allows us to image 

the moiré superstructure of the G2/G1/hBN trilayer stack. Two representative images are 

shown in Fig. 3.4 with MIM (Fig. 3.4a) and cAFM (Fig. 3.4b) both in the contact mode 

(images of more samples at different twist angles are presented in the Supporting 

Information). In each image, we identify two sets of MSLs at different length scales. Bright 

spots form a triangular MSL with a smaller periodicity. The smaller MSL is divided into 

hexagonal domains by a larger MSL and the periodicity of the smaller MSL is interrupted 

at the domain boundaries. The observations of the moiré pattern in this trilayer stack 

suggest the coexistence of two sets of MSLs formed between G2/G1 and G1/hBN. 
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To understand the moiré superstructure formed in such a trilayer stack, we perform 

analysis based on a rigid atomic stacking model. In this trilayer structure, a G2 layer is 

stacked at an angle θ relative to the G1 layer which is 0°-aligned on hBN layer. We focus 

on the range 𝜃 ≥ 1.8° so that the periodicity of G2/G1 is much smaller than that of G1/hBN 

(~14 nm). This scenario has not been explored in previous studies which primarily focused 

on cases where two moiré periodicities are similar [29–31].  

3.4 Numerical Simulation and Analytical Solution for a Trilayer Stack 

Firstly, the analysis can be done by numerical simulation. The periodic atomic 

lattice for each of the three layers in a TBG/hBN structure can be described by the lowest 

harmonics: 

𝑓(𝑟) = ∑ 𝑒𝑖𝑘⃗⃗𝑖∙𝑟

3

𝑖=1

 

where 𝑘⃗⃗𝑖 (i=1,2,3) are the unit vectors for individual atomic lattice. Thus 𝑘⃗⃗𝑖 ∙ 𝑟 represent 

the phase of the lattice. The formation of moiré patterns depends on the alignment among 

the phases of the three layers. The center of each moiré-S domain can be identified by the 

location where the three lattice phases are closest to each other, as shown in Fig. 3.5. The 

Figure 3.4 Imaging 

dual-moiré pattern in 

G2/G1/hBN trilayer 

stacking. a, MIM image 

of a trilayer sample D1 

( 𝜃 = 1.95° ). b, cAFM 

image of trilayer sample 

D2 (𝜃 = 4.2°). Panel a-b 

adapted with permission 

from REF 1, copyright 

ACS. 
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twist-angle evolution of the moiré-S (periodicity and orientation along three symmetric 

directions) can be obtained.  

 

Secondly, the phase variation can be calculated in the following way: 

𝛥𝑝ℎ𝑎𝑠𝑒(𝑟) = (wrap(𝑘⃗⃗1
ℎ𝐵𝑁 ∙ 𝑟 − 𝑘⃗⃗1

𝐺1 ∙ 𝑟))2 + (wrap(𝑘⃗⃗2
ℎ𝐵𝑁 ∙ 𝑟 − 𝑘⃗⃗2

𝐺1 ∙ 𝑟))2

+ (wrap(𝑘⃗⃗1
ℎ𝐵𝑁 ∙ 𝑟 − 𝑘⃗⃗1

𝐺2 ∙ 𝑟))2 + (wrap(𝑘⃗⃗2
ℎ𝐵𝑁 ∙ 𝑟 − 𝑘⃗⃗2

𝐺2 ∙ 𝑟))2

+ (wrap(𝑘⃗⃗1
𝐺1 ∙ 𝑟 − 𝑘⃗⃗1

𝐺2 ∙ 𝑟))2 + (wrap(𝑘⃗⃗2
𝐺1 ∙ 𝑟 − 𝑘⃗⃗2

𝐺2 ∙ 𝑟))2 

Here the wrap() function wraps the phase value to the range [−𝜋, 𝜋). The centers of moiré-

S domains correspond to the minimum values of 𝛥𝑝ℎ𝑎𝑠𝑒. To find the analytical expressions 

for the unit vectors, we find the center locations of adjacent moiré-S domains in the 

following way. First, it is obvious that 𝑟 = 0 corresponds to the minimum location of 

𝛥𝑝ℎ𝑎𝑠𝑒 in the (0, 0) moiré-S domain around origin. Second, we solve the local minimum 

Figure 3.5 Numerical simulation of a trilayer stack. a, Atomic stacking model for 

twisted bilayer graphene (3.6°) on hBN. Blue atoms for hBN, red atoms for aligned 

graphene (G1) and green atoms for rotated graphene (G2), respectively. b, Calculated 

phase variation 𝛥𝑝𝒉𝑎𝑠𝑒. Locations of the minimum values of 𝛥𝑝𝒉𝑎𝑠𝑒 are calculated by 

fittings and plotted by the markers in both (a) and (b). Panel a-b adapted with permission 

from REF 1, copyright ACS. 
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locations of 𝛥𝑝ℎ𝑎𝑠𝑒 in the (1, 0) and (0, 1) moiré-S domains, respectively. For simplicity, 

we define 𝛥𝑘⃗⃗𝑖
𝑎 = 𝑘⃗⃗𝑖

ℎ𝐵𝑁 − 𝑘⃗⃗𝑖
𝐺1, 𝛥𝑘⃗⃗𝑖

𝑏 = 𝑘⃗⃗𝑖
ℎ𝐵𝑁 − 𝑘⃗⃗𝑖

𝐺2 and 𝛥𝑘⃗⃗𝑖
𝑐 = 𝑘⃗⃗𝑖

𝐺1 − 𝑘⃗⃗𝑖
𝐺2, where i = 1 or 

2.  

In the (1, 0) domain, there should be an accumulated phase difference of 2𝜋 

between G1 and G2 as well as between hBN and G2 along 𝛥𝑘⃗⃗1
𝑏 and 𝛥𝑘⃗⃗1

𝑐. Therefore, we 

can manually add the phase difference to remove the wrap() function and we get: 

𝛥𝑝ℎ𝑎𝑠𝑒 𝑖𝑛 (1,0)(𝑟) = (𝛥𝑘⃗⃗1
𝑎 ∙ 𝑟)

2
+ (𝛥𝑘⃗⃗2

𝑎 ∙ 𝑟)
2

+ (𝛥𝑘⃗⃗1
𝑏 ∙ 𝑟 − 2𝜋)

2
+ (𝛥𝑘⃗⃗2

𝑏 ∙ 𝑟)
2
 

+(𝛥𝑘⃗⃗1
𝑐 ∙ 𝑟 − 2𝜋)

2
+ (𝛥𝑘⃗⃗2

𝑐 ∙ 𝑟)
2
 

The local minimum location can be obtained by solving 
𝜕

𝜕𝑥
𝛥𝑝ℎ𝑎𝑠𝑒(𝑟) = 0  and 

𝜕

𝜕𝑦
𝛥𝑝ℎ𝑎𝑠𝑒(𝑟) = 0, which gives 

𝑟1 =
2𝜋 ∑ [(𝛥𝑘⃗⃗1

𝑏 + 𝛥𝑘⃗⃗1
𝑐) ∙ (𝛥𝑘⃗⃗𝑖

𝑚 × 𝑧̂)](𝛥𝑘⃗⃗𝑖
𝑚 × 𝑧̂)𝑖,𝑚

1
2

∑ |𝛥𝑘⃗⃗𝑖
𝑚 × 𝛥𝑘⃗⃗𝑗

𝑛|2
𝑖,𝑗,𝑚,𝑛

 

where i,j = 1 or 2, m,n = a, b, or c. 

Similarly, in the (0, 1) domain, the additional term of 2𝜋 should be added to 𝛥𝑘⃗⃗2
𝑏 ∙

𝑟 and 𝛥𝑘⃗⃗2
𝑐 ∙ 𝑟. The local minimum location is 

𝑟2 =
2𝜋 ∑ [(𝛥𝑘⃗⃗2

𝑏 + 𝛥𝑘⃗⃗2
𝑐) ∙ (𝛥𝑘⃗⃗𝑖

𝑚 × 𝑧̂)](𝛥𝑘⃗⃗𝑖
𝑚 × 𝑧̂)𝑖,𝑚

1
2

∑ |𝛥𝑘⃗⃗𝑖
𝑚 × 𝛥𝑘⃗⃗𝑗

𝑛|2
𝑖,𝑗,𝑙,𝑚

 

where i,j = 1 or 2, m,n = a, b, or c. 

The third unit vector is then 𝑟3 = 𝑟2 − 𝑟1. 
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Note that if we pick the hBN layer to be identical as the G1 layer, the trilayer stack 

should become a G1/G2 bilayer stack. Indeed, by setting 𝑘⃗⃗𝑖
ℎ𝐵𝑁 = 𝑘⃗⃗𝑖

𝐺1 hence 𝛥𝑘⃗⃗𝑖
𝑎 = 0 and 

𝛥𝑘⃗⃗𝑖
𝑏 = 𝛥𝑘⃗⃗𝑖

𝑐, it can be verified that the analytical expressions for 𝑟1 and 𝑟2 reduce to those 

expected for a bilayer stack. Analytical solution for the evolution of three unit vectors in 

moiré-S has been obtained. 

 

Figure 3.6 presents our numerical analysis results. In the trilayer structure (Fig. 

3.6c), a moiré pattern with a smaller periodicity (moiré-S) is divided into domains with a 

larger periodicity (moiré-L). Interestingly, while the two sets resemble the MSLs in 

invidual bilayer structures of G2/G1 (Fig. 3.6b) and G1/hBN (Fig. 3.6a), it’s not a simple 

Figure 3.6 Analysis of the moiré patterns in a trilayer stacking. a 0°-aligned graphene/hBN. 

b Twisted bilayer graphene. c, Twisted bilayer graphene with the G1 layer aligned on hBN. (d 

and e) Magnitudes and orientations of the unit vectors (arrows in b and c ). (g and f) Zoomed-

in images for the dotted regions in panels b and c. Panel a-g adapted with permission from REF 

1, copyright ACS. 
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combination of the two. There are two most notable features. First, the moiré-S pattern is 

along a different direction compared with the G2/G1 pattern with a same twist angle as 

shown by the arrows in each figure (Fig. 3.6b and 3.6c). Second, the periodicity of moiré-

S is interrupted near the domain boundary between two moiré-L hexagons. We further 

derive the analytical expressions for the three unit vectors of moiré-S (see the Supporting 

Information at the end of this chapter). For each unit vector, we plot its magnitude and 

orientation with respect to the corresponding unit vector in G1 as a function of θ in panels 

d and e of Fig. 3.6d and 3.6e, respectively. We find that, compared to the G2/G1 MSL in 

which the three unit vectors have equal maagnitudes and are uniformly spaced at 60° apart 

(the black curves in Fig. 3.6d and 3.6e), the moiré-S unit vectors have smaller and unequal 

magnitudes and their orientations are also significantly deviated from those in G2/G1. 

These observations are more pronounced at small twist angles. Such deviations are due to 

the aligned hBN layer and can be readily seen in the analytical expressions presented. It 

can be understood in the folowing way. Without a hBN layer, the center of each moiré-S 

hexagons corresponds to the AA stacking of the two graphene layers (Fig. 3.6f). In the 

presence of the hBN layer, the center now should correspond to a nearly AAA stacking of 

all three layers where the A-site atoms are cloest to each other (Fig. 3.6g), which can be 

different from where the two A-site atoms from two graphene layers are closest to each 

other. 
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3.5 Comparison of Experimental results and Simulations 

 

 Comparing our experimental observations (Fig. 3.7) with the modeling results, the 

two observed periodic patterns correspond to the moiré-S and moiré-L patterns in the 

model, respectively. In Figure 3.4, the moiré-S exhibits a triangular pattern of clear 

contrast with bright spots corresponding to a low tip-sample contact resistance. According 

to our analysis, these spots are the nearly AAA stacking regions in the trilayer structure 

(Fig. 3.6g). The moiré-L patterns is marked by boundaries of hexagon domains while the 

domain boundaries typically show an enhanced signal (a lower tip-sample contact 

resistance). More strikingly, the moiré-S has notable discontinuities at all moiré-L domain 

boundaries (see Fig. 3.4), exactly expected from our model (Fig. 3.6). We analyze the unit 

vectors of the moiré-S patterns and plot them in a polar plot in Fig. 3.7, together with those 

calculated from our analytical expressions. We further determin the twist angle for all the 

observed dual-moiré images in different samples22. The measurement results agree well 

with model calculations. In particular, three unit vectors have unequal maagnitudes and 

 
22 See Supporting Information S2. 

Figure 3.7 Comparison 

between experimental results 

and simulations in a polar plot. 

Unit vectors of the moiré-S 

lattice for all the samples 

compared with the modeling 

values from a trilayer stack (R1, 

R2, and R3) and from a bilayer 

stack (TBG). Panel adapted with 

permission from REF 1, 

copyright ACS. 
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nonuniform angular spacings. These features are most pronounced in the case of Figure 

3.4a, which has a smaller twist angle (~1.95°) corresponding to a larger periodicity.  

3.6 Analysis of Dual-Moiré Pattern in the Reciprocal Space 

Finally, we demonstrate the signatures of such a dual-moiré pattern in the reciprocal 

space, focusing on the effect of this diccontinuity at the domain boundaries. MIM image 

with a large scan range in sample D1 isA used for the fast Fourier transform (FFT) abalysis. 

In Figure 3.8a, the dual-moiré pattern fills the entire area with only a few local variations 

in the signal intensity. The FFT of Fig. 3.8a is shown in Fig. 3.8b. The spectrum contains 

a series of peaks which can be indentified in the following categories. A dashed hexagon 

centered around the origin corresponds to the moiré-L pattern. Bright spots at large k values 

correspond to the features from the moiré-S pattern. Because the moiré-S pattern is 

spatially modulated by the moiré-L boundaries, the moiré-L hexagon is further replicated 

at each of the bright spots in the moiré-S pattern. Other peaks are the higher-order peaks 

of these replicas. To betterillustrate their relation, we sketch out only the main features in 

Fig. 3.8c. We note that the moiré-S pattern contains the discontinuities at the moiré-L 

boundaries. To examine the effect of such discontinuities, we plot the reciprocal vectors 

(𝑘𝑚𝑜𝑖𝑟𝑒−𝑆
′ , labeled with dashed purple arrows) calculated directly from the unit vectors 

identified for sample D1 in Fig. 3.7. These vectors essentially represent the FFT peaks for 

a continuous moiré-S pattern without any modulation by the moiré-L pattern. Their 

positions significantly deviate from the experimentally obtained peak positions (𝑘𝑚𝑜𝑖𝑟𝑒−𝑆, 

labeled with solid purple arrows), and the differences are caused by the by the 
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discontinuities of the moiré-S pattern across the moiré-L domain boundaries, which are 

well-described by our analytical calculations presented in the Supporting Information.   

 

 Furthermore, we plot the 𝑘𝐺𝐺  vectors (gray arrows) corresponding to a twisted 

bilayer graphene with a twist angle of 1.95°, the same as that determined in the trilayer 

structure measured in sample D1. From the comparison of 𝑘𝐺𝐺  with 𝑘𝑚𝑜𝑖𝑟𝑒−𝑆  and 

𝑘𝑚𝑜𝑖𝑟𝑒−𝑆
′ , we identify the effect in the k-space structure of the twisted bilayer graphene due 

to the aligned hBN layer. As discussed before, the aligned hBN layer changes the local 

moiré-S pattern by a small rotation as well as a distortion that breaks the original 6-fold 

rotational symmetry, which is reflected in the k-space as the change from 𝑘𝐺𝐺  to 𝑘𝑚𝑜𝑖𝑟𝑒−𝑆
′ . 

Then the discontinuities at the moiré-L boundaries further shift 𝑘𝑚𝑜𝑖𝑟𝑒−𝑆
′  to 𝑘𝑚𝑜𝑖𝑟𝑒−𝑆 . 

Similar results in the Fourier transform analysis can be obtained for other samples. The k-

space structure probed in our study reflects the spatial modulation of the tip-sample contact 

resistance which should potentially modify the electronic structure of the twisted bilayer 

Figure 3.8 Analysis of the dual-moiré pattern in the reciprocal space. a, MIM image of a 

large area in sample D1. Scale bar: 40 nm. b, Fourier transform of the MIM image in panel a. 

c, Comparison of the Fourier peaks of the moiré-S lattice extracted from b (𝑘𝑚𝑜𝑖𝑟𝑒−𝑆), the 

calculated reciprocal vectors from the moiré-S unit vectors determined from the real space data 

in D1 (𝑘𝑚𝑜𝑖𝑟𝑒−𝑆
′ ) and reciprocal vectors calculated for 1.95°-twsited bilayer graphene G2/G1 

(𝑘𝐺𝐺). Panel a-c adapted with permission from REF 1, copyright ACS. 
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graphene in the momentum space. Our results inspire further experimental and theoretical 

studies, such as band structure calculations along these directions. 
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Supporting Information 

S1. Data on Additional Samples  

 

 

Figure 3S1 

MIM/cAFM images 

for TBG/hBN 

samples D2-D5. (a, 

c, e and g) and their 

FFT images (b, d, f 

and h). All scale bars: 

15 nm. Panel a-h 

adapted with 

permission from REF 

1, copyright ACS. 
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S2. FFT Analysis on Dual-Moiré Patterns 

 

In this section, we present the mathematical analysis on the Fourier transform of a 

dual moiré superstructure in which the moiré-S pattern has discontinuities at the boundaries 

of the moiré-L unit cell domains. 

The periodic structure of the triangular moiré-S lattice can be described by the 

lowest harmonics of the following form: 

𝑓(𝑟) = ∑ 𝑒𝑖𝑘⃗⃗𝑖∙𝑟

3

𝑖=1

 

with 𝑘⃗⃗1,  𝑘⃗⃗2 and 𝑘⃗⃗3 = 𝑘⃗⃗2 − 𝑘⃗⃗1 as the three unit vectors of the moiré-S lattice. 

Across the boundaries of the moiré-L domains, the discontinuities in the moiré-S 

lattice can be modelled as two displacement vectors, 𝛿1 and 𝛿2, along the two directions 

defined by the two unit vectors of the moiré-L lattice, 𝐴1 and 𝐴2, respectively. In the (m, 

n)-th unit cell of the moiré-L lattice, as shown in Fig. S4, the overall accumulated 

displacement will be: 

Figure 3S2 FFT analysis of a periodic 

pattern with discontinuities at the 

boundaries of the large periodic 

structure. Orange circles are the lattice 

extended from domain (0, 0) without 

including any discontinuities. Red circles 

are those for hexagon domains (1, 0) and 

(-1, 0). Green (blue) ones are for domains 

(0, 1) and (0, -1) ((-1, 1) and (1, -1)). Panel 

adapted with permission from REF 1, 

copyright ACS. 
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𝛿𝑚𝑛 = 𝑚𝛿1 + 𝑛𝛿2 

Therefore, in general, the moiré-S lattice with discontinuities can be expressed as 

𝑓(𝑟) = ∑ 𝑒𝑖𝑘⃗⃗𝑖∙(𝑟−𝛿⃗⃗⃗𝑚𝑛)

3

𝑖=1

 

 

for 𝑟 within the (m, n)-th domain. Therefore, the Fourier transform of 𝑓(𝑟) can be obtained 

by calculating the Fourier transform of each term, 𝐹𝑖(𝑘⃗⃗). Thus, we have: 

𝐹𝑖(𝑘⃗⃗) = ∬ 𝑒𝑖𝑘⃗⃗𝑖∙(𝑟−𝛿⃗⃗⃗𝑚𝑛) ∙ 𝑒−𝑖𝑘⃗⃗∙𝑟𝑑2𝑟 

where the integral is over the entire plane. 

We evaluate the integral by summing the contribution from individual unit cells. 

Specifically, in the (m, n)-th unit cell which is centered at 𝑅⃗⃗𝑚,𝑛 = 𝑚 ∙ 𝐴1 + 𝑛 ∙ 𝐴2, we 

define a reduced position vector 𝑟0 = 𝑟 − 𝑅⃗⃗𝑚,𝑛, and we express the integral in terms of 𝑟0. 

𝐹𝑖(𝑘⃗⃗) = ∑ 𝐹𝑖
𝑚𝑛(𝑘⃗⃗)

𝑚,𝑛

= ∑ ∬ 𝑒𝑖𝑘⃗⃗𝑖∙(𝑟0+𝑅⃗⃗𝑚,𝑛−𝑚∙𝛿⃗⃗⃗1−𝑛∙𝛿⃗⃗⃗2) ∙ 𝑒−𝑖𝑘⃗⃗∙(𝑟0+𝑅⃗⃗𝑚,𝑛)𝑑2𝑟0
𝑢.𝑐.𝑚,𝑛

= ∑ 𝑒𝑖𝑘⃗⃗𝑖∙(𝑅⃗⃗𝑚,𝑛−𝑚∙𝛿⃗⃗⃗1−𝑛∙𝛿⃗⃗⃗2)−𝑖𝑘⃗⃗∙𝑅⃗⃗𝑚,𝑛

𝑚,𝑛

∬ 𝑒𝑖(𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝑟0

𝑢.𝑐.

𝑑2𝑟0

= ∑ 𝑒
𝑖𝑘⃗⃗𝑖∙(𝑅⃗⃗𝑚,𝑛−𝑚∙𝛿⃗⃗⃗1−𝑛∙𝛿⃗⃗⃗2)−𝑖𝑘⃗⃗∙𝑅⃗⃗𝑚,𝑛

𝑚,𝑛

𝐹𝑖
00(𝑘⃗⃗) 

Note that 𝐹𝑖
00(𝑘⃗⃗) ≡ ∬ 𝑒𝑖(𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝑟0

𝑢.𝑐.
𝑑2𝑟0 is simply the integral within the (0, 0)-th unit cell 

which is a constant independent of m and n. We then have 
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𝐹𝑖(𝑘⃗⃗) = 𝐹𝑖
00(𝑘⃗⃗) ∑ 𝑒𝑖𝑘⃗⃗𝑖∙(𝑅⃗⃗𝑚,𝑛−𝑚∙𝛿⃗⃗⃗1−𝑛∙𝛿⃗⃗⃗2)−𝑖𝑘⃗⃗∙𝑅⃗⃗𝑚,𝑛

𝑚,𝑛

 

= 𝐹𝑖
00(𝑘⃗⃗) ∑ 𝑒𝑖[(𝑘⃗⃗𝑖−𝑘⃗⃗)∙(𝑚∙𝐴⃗1+𝑛∙𝐴⃗2)−𝑚𝑘⃗⃗𝑖∙𝛿⃗⃗⃗1−𝑛𝑘⃗⃗𝑖∙𝛿⃗⃗⃗2]

𝑚,𝑛

= 𝐹𝑖
00(𝑘⃗⃗) ∑ 𝑒𝑖𝑚∙((𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝐴⃗1−𝑘⃗⃗𝑖∙𝛿⃗⃗⃗1)

𝑚

∑ 𝑒𝑖𝑛∙((𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝐴⃗2−𝑘⃗⃗𝑖∙𝛿⃗⃗⃗2)

𝑛

= 𝐹𝑖
00(𝑘⃗⃗)

1 − 𝑒𝑖𝑀[(𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝐴⃗1−𝑘⃗⃗𝑖∙𝛿⃗⃗⃗1]

1 − 𝑒𝑖[(𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝐴⃗1−𝑘⃗⃗𝑖∙𝛿⃗⃗⃗1]

1 − 𝑒𝑖𝑁[(𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝐴⃗2−𝑘⃗⃗𝑖∙𝛿⃗⃗⃗2]

1 − 𝑒𝑖[(𝑘⃗⃗𝑖−𝑘⃗⃗)∙𝐴⃗2−𝑘⃗⃗𝑖∙𝛿⃗⃗⃗2]
 

|𝐹𝑖(𝑘⃗⃗)| =
sin (

𝑀
2 [(𝑘⃗⃗𝑖 − 𝑘⃗⃗) ∙ 𝐴1 − 𝑘⃗⃗𝑖 ∙ 𝛿1])

sin (
1
2 [(𝑘⃗⃗𝑖 − 𝑘⃗⃗) ∙ 𝐴1 − 𝑘⃗⃗𝑖 ∙ 𝛿1])

∙
sin (

𝑁
2 [(𝑘⃗⃗𝑖 − 𝑘⃗⃗) ∙ 𝐴2 − 𝑘⃗⃗𝑖 ∙ 𝛿2])

sin (
1
2 [(𝑘⃗⃗𝑖 − 𝑘⃗⃗) ∙ 𝐴2 − 𝑘⃗⃗𝑖 ∙ 𝛿2])

𝐹𝑖
00(𝑘⃗⃗) 

The peak positions of |𝐹𝑖(𝑘⃗⃗)|, denoted as 𝑘⃗⃗𝑖
′, satisfy the conditions: 

(𝑘⃗⃗𝑖 − 𝑘⃗⃗𝑖
′) ∙ 𝐴1 − 𝑘⃗⃗𝑖 ∙ 𝛿1 = 0  &  (𝑘⃗⃗𝑖 − 𝑘⃗⃗𝑖

′) ∙ 𝐴2 − 𝑘⃗⃗𝑖 ∙ 𝛿2 = 0 

Define the reciprocal vectors 𝑘⃗⃗𝐴1 and 𝑘⃗⃗𝐴2 as 

𝑘⃗⃗𝐴1 =
𝐴2 × 𝑒𝑧

|𝐴1 × 𝐴2|
 

𝑘⃗⃗𝐴2 =
𝑒𝑧 × 𝐴1

|𝐴1 × 𝐴2|
 

And they satisfy the relations 𝑘⃗⃗𝐴1 ∙ 𝐴1 = 1 and 𝑘⃗⃗𝐴2 ∙ 𝐴2 = 1. We can then obtain 

𝑘⃗⃗𝑖 − 𝑘⃗⃗𝑖
′ = 𝑘⃗⃗𝐴1 ∙ (𝑘⃗⃗𝑖 ∙ 𝛿1) + 𝑘⃗⃗𝐴2 ∙ (𝑘⃗⃗𝑖 ∙ 𝛿2) 

or 

𝑘⃗⃗𝑖
′ = 𝑘⃗⃗𝑖 − [𝑘⃗⃗𝐴1 ∙ (𝑘⃗⃗𝑖 ∙ 𝛿1) − 𝑘⃗⃗𝐴2 ∙ (𝑘⃗⃗𝑖 ∙ 𝛿2)] 
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We can see that the Fourier peak positions of the discontinuous lattice, 𝑘⃗⃗𝑖
′ , are 

shifted from those for a continuous lattice, 𝑘⃗⃗𝑖, by a vector that depends on the displacement 

vectors, 𝛿1 and 𝛿2, and the reciprocal vectors corresponding to the moiré-L lattice, 𝑘⃗⃗𝐴1 and 

𝑘⃗⃗𝐴2.  

Experimentally, we can find 𝑘⃗⃗𝑖
′  from the Fourier transform of the entire image 

containing large number of moiré-L unit cells, and 𝑘⃗⃗𝑖 can be determined from the Fourier 

transform of the data within individual moiré-L unit cells. 𝑘⃗⃗𝐴1  and 𝑘⃗⃗𝐴2  can also be 

determined by extracting the unit vectors for the moiré-L lattice. From these, we can then 

determine the displacement vectors, 𝛿1  and 𝛿2 . Alternatively, 𝛿1  and 𝛿2  can also be 

determined by comparing the moiré-S lattice patterns in neighboring moiré-L unit cells. 

The results from these two methods match very well.  
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Chapter 4 Correlated Insulating States at Fractional Fillings of the WS2/WSe2 

Moiré Lattice 

4.1 Semiconducting Transitional Metal Dichalcogenide (TMD) Materials and 

Moiré Superlattices 

4.1.1 2H-Phase TMD Materials with Electronic Band Structure and Optical 

Properties 

 

2H-phase TMD materials (here we focus on compounds with M: W, Mo; X: S, Se) 

are layered semiconducting materials. They are composed of covalently bonded X-W-X 

layers with an interlayer van der Waals forces. The structure for 2H-phase TMD monolayer 

is shown in Fig. 4.1a and, when viewed along the out-of-plane direction, it forms a perfect 

hexagonal lattice with sublattice site X and M atoms [1]. 2H-phase bulk MX2 crystal has 

Bernal-stacked monolayers and preserves an inversion symmetry. Bulk MX2 has an 

indirect energy gap ranging from near infrared to visible light [2,3]. When thinned down 

to the monolayer limit, they change from indirect to direct bandgap semiconductors with 

Figure 4.1 Semiconducting TMD materials and band structure. a, Monolayer TMD in 2H-

phase. b, Bright excitons at K and K’ valleys the Brillouin zone. Black arrows indicate the spin 

configuration of each band. Large (small) spin splitting in valance (conduction) band. Circularly 

polarized light coupled to excitons at K and K’ valleys, respectively. Panel a adapted from REF 

32, copyright Springer Nature. Panel b adapted from REF 6, copyright Springer Nature.  
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band extrema locating at K and K’ corners of the Brillouin zone [4,5] as shown in Fig. 

4.1b. Monolayer MX2 lacks inversion symmetry and has strong spin-orbit coupling [6]. d 

orbitals from the transitional metal atoms at these k-space corners allow strong spin-orbit 

coupling, thus leading to large valance band spin splitting (~0.2 eV for MoX2; ~0.4 eV for 

WX2). This spin splitting effect in conduction band is smaller. Considering time-reversal 

symmetry, the spin-splitting has opposite signs between these high symmetric K and K’ 

valleys in the Brillouin zone. The spin and valley degree of freedoms are locked which 

enables the access of spin information via knowledge of valley.  

Under optical excitation, electrons can be pumped from the valance band to 

conduction band while leaving holes in the valance band (Fig. 4.1b). Since dielectric 

screening of the electronic Coulomb interaction is reduced in 2D, tightly bonded electron-

hole pairs (exciton states) can form and dominate the optical properties of monolayer 

TMDs. Electrons and holes at the K and K’ valleys can form momentum-direct excitons. 

Two bright exciton states from the optical transition between valance and conduction bands 

of the same spin state are labeled A/B excitons with a lower/higher energy. Using circularly 

polarized light (𝜎+ or 𝜎−), electrons can be selectively pumped at 𝐾 or 𝐾′ valleys. This 

has been extensively utilized to study the charge carrier spin status (spin-valley locking) in 

RMCD see experiment method experiments on TMD materials. 
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4.1.2 Moiré Potential and Electronic Flat Mini Bands 

 

With developed fabrication techniques, semiconducting TMD materials can be 

easily shaped into monolayers. Second-harmonic generation (SHG) can be used to 

determine the individual crystal orientation for making hetero-bilayers while tear-and-

stack techniques [7] have been used for homo-bilayers. Twisting TMD homo-bilayer or 

stacking hetero-bilayer without twist can generate a moiré pattern with a periodicity on 

nanometer scale. Fig. 4.2a shows a moire pattern formed in an aligned WS2/WSe2 hetero-

bilayer (to be noticed that a larger lattice mismatch is chosen to better illustrate the moire 

pattern). A moiré pattern here is basically a periodic atomic alignment between two layers. 

Interlayer hybridization varies in the period of moiré superlattice and creates a new periodic 

potential for electrons in the system. At small twist angles, the moiré period can be 

calculated as a function of the lattice mismatch and twist angles in the following equation: 

𝜆𝑚 ≅ 𝑎0/√𝛿2 + 𝜃2 

Figure 4.2 Moiré superlattice and band engineering. a, Moiré pattern in an angle-aligned 

WS2/WSe2 hetero-bilayer. b, moiré periodicity as a function of twist angle for homo-/hetero 

bilayer (WS2/WSe2 and WSe2/WSe2), respectively. Note that the periodicity is plotted in unit of 

atomic lattice constant. Carrier density is plotted in log scale. c, Moiré potential induced flat 

electronic band in the mini-Brillouin zone for two layers in WS2/WSe2. d, Calculated electronic 

valance bands for a 2°-twisted WSe2/MoSe2 moire superlattice. The highest valance moiré band 

(red) has a narrow bandwidth ~11 meV. Panel d adapted from REF 9, copyright APS. 
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with lattice mismatch: 𝛿 = |𝑎0
′ − 𝑎0|/𝑎0 (𝑎0 and 𝑎0

′  are the lattice constants of the two 

layers) and twist angle: 𝜃. A typical moiré periodicity can be from several nanometer to 

tens of nanometer, much larger than the pristine atomic lattice periodicity. Fig. 4.2b shows 

the moire periodicity for both homo- and hetero-bilayer TMD systems. It’s worth noting 

that angle-aligned (0 or 60°) TMD hetero-bilayer moiré lattice has a periodicity less 

sensitive to twist angle disorder. Experimentally, atomic defects are inescapable in TMD 

monolayers. The cleanest WSe2 crystals (by self-flux growth method) contain defects with 

a density of ~1011 cm-2 Ref [6,8]. With aligned hetero-bilayer (WS2/WSe2) or 4 − 5° 

twisted WSe2 homo-bilayer, the moire density is much higher than that as can be seen from 

Fig. 4.2b. 

Usually, the moire potential maxima and minima are centered at high-symmetric 

sites in the moiré unit cell. This artificial superlattice potential can dramatically modify the 

electronic properties of the system. The resulting larger periodic potential will fold the 

energy bands into a mini-Brillouin zone. Energy gap will open at these band crossings of 

the mini-BZ boundary, as demonstrated in Fig. 4.2c for WS2/WSe2. Isolated moiré flat 

bands will form in such a circumstance. Theoretically studies have predicted flat electronic 

bands in semiconducting TMD moiré systems [9,10], such as an isolated flat valance moire 

band with a bandwidth of ~11 meV in a 2°-twisted WSe2/MoSe2 moire superlattice (shown 

in Fig. 4.2d from Ref [9]). The moiré potential can been experimentally observed as 

modulation of valance band edge by scanning tunneling spectroscopy and can be as large 

as hundreds of meV [11,12]. Lattice relaxation and strain effects have been observed since 

TMD layers have a small Young’s modulus. The interlayer stacking energy also varies at 
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positions across the moiré unit cell. Domains with energetically preferred stacking 

configurations will expand and be separated by domain-wall networks to accommodate the 

lattice mismatch [13–15]. In a recent STS study on MoSe2/WSe2 hetero-bilayer, the moiré 

periodicity ranges from 2 nm to greater than 20 nm and a deeper moiré potential (up to 

several hundred meV) has been observed than theoretical prediction without considering 

lattice reconstruction [11]. Such a deep potential will further localize carriers and enhance 

the correlation effect. 

Electronic system with such a flat energy band could present strong correlation 

effect. The e-e Coulomb interaction can be estimated as 𝑈 ≈ 𝑒2

4𝜋𝜀𝜆𝑚
⁄  with the kinetic 

energy for electrons (band width) as 𝑊 ≈ ħ2𝑘2

2𝑚𝑒
∗⁄ ≈ ħ2𝜋2

2𝑚𝑒
∗𝜆𝑚

2⁄  (𝑚𝑒
∗  is the effective 

electron mass, ~0.5 𝑚0  in monolayer MX2). Thus, the parameter characterizing the 

correlation strength is  

𝑈
𝑊⁄ ∝ 𝑚𝑒

∗ ∙ 𝜆𝑚. 

In TMD moiré systems, a strong correlation effect can be readily realized with 

sufficiently large 𝑚𝑒
∗ ∙ 𝜆𝑚. In particular, the isolated valance flat-band can be mapped to 

generalized triangular lattice Hubbard models [9]. Considering the valance moiré flat 

band in hetero-bilayer TMD, the total degeneracy is two from the valley degree (large 

spin splitting for valance band). As shown in Fig. 4.3, at half filling (one hole per moiré 

lattice site), the system will tend to avoid double occupancy due to the large on-site 
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Coulomb repulsion between electrons and hence form a Mott insulating state.

 

  

Figure 4.3 Mott insulator and Hubbard bands. a, Moiré superlattice at filled with one 

charge carriers per lattice site. b-c, Half-filled flat moiré band split into two sub bands: upper 

and lower Hubbard bands. Panel a adapted from REF 20, copyright Springer Nature. 
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4.2 Recent Research on Correlated Insulating States in Semiconducting TMD 

Moiré System  

 

Soon after the exciting discovery of correlated insulating states and 

superconductivity in MATBG in 2018, TMD moiré systems have been predicted as another 

intriguing platform to realize many-body phenomena with much stronger correlation. Like 

other 2D materials, TMD moiré system can easily be made into planar device geometry 

with electro-static gates to change the carrier density. However, the large contact resistance 

in TMD devices has made it challenging to probe these correlated insulating states via 

transport measurements. A few groups have managed to probe the Mott insulator states 

through measuring two-terminal resistance at hole doping side [16,17] Note 1. In study [16] 

Figure 4.4 Mott insulator states in TMD hetero- and homo-bilayers. a, Two-terminal 

resistance of a WSe2/WS2 moire superlattice as a function of filling in the first valance moire 

band at different temperatures (1 means full filling). b, Sample resistivity of twisted WSe2 

homo-bilayers as function of hole density (measured at 1.8 K). c, Resistivity of 4.2°-twisted 

device as a function of temperature, highlighting the insulating nature of the peak feature. 

Panel a adapted from REF 16, copyright Springer Nature. Panel b-c adapted from REF 17, 

copyright Springer Nature. 
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of WSe2/WS2 (shown in Fig. 4.4a), the temperature-dependent two-terminal resistance 

data of the constituting WSe2 layer shows prominent resistive peaks as well as the 

background of increasing contact resistance at lower fillings (smaller carrier densities). 

Two resistive peaks are clearly observed with one at larger carrier density and the other at 

a half density value. The calibrated filling factor (ν, number of carriers per moiré unit cell, 

+/- for electrons/holes) for the resistive peak at higher density is 𝜈 = −2 2-fold degeneracy from 

valley degree and confirms its nature of a band insulator when fully filled. The new peak at half 

filling (𝜈 = −1) indicates the presence of a Mott insulator at half filling, which is also 

shown in the modulation of the WSe2 A-exciton peak amplitude. In the other research on 

twisted WSe2 homobilayers [17], evidence of flat moiré valance miniband have been 

reported with a correlated insulator state at half filling and tunable with both twist angle 

(θ ranging from 4 to 5.1°) and electric displacement field (Fig. 4.4b). Shown in Fig. 4.4c, 

a representative temperature-dependent data (at θ = 4.2°) clearly shows the insulating 

behavior at half filling with metallic states when doped away from that filling ( 𝜈 =

−0.54 𝑜𝑟 − 0.46).  
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Excitons’ extreme sensitivity to local carrier density and dielectric environment 

enables researchers to probe the electronic properties of WSe2/WS2 moiré systems [16,18]. 

In the research of Ref [18], researchers are able to optically detect the resistance and 

capacitance (Fig. 4.5) of the moiré system through WSe2 exciton absorption. Besides the 

Mott insulating state at 𝜈 = −1, insulator states are also shown at 𝜈 = −
1

3
 & −

2

3
 which 

they assigned to generalized Wigner crystal states. Due to strong e-e interaction at 

neighboring superlattice sites, electrons form a crystalized state. The original idea of 

Wigner crystal talks about behaviors of electrons without any underlying lattice. When the 

electron densities are reduced, the e-e interaction will dominate its kinetic energy and the 

Figure 4.5 Generalized Wigner crystal states in a TMD hetero-bilayer. a, Capacitance and 

b, resistance of WSe2/WS2 moire superlattice as function of gate voltage and hole doping factor 

(2 for full filling). c, Illustrations of Mott insulating state (𝑛 = −1) generalized Wigner crystal 

states (𝑛 = −
1

3
 and −

2

3
). Panel a-c adapted from REF 18, copyright Springer Nature. 
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system will have a chance form an electron crystal below a critical electron density. In a 

2D case, electrons will form a crystal with a triangular lattice symmetry. 

Recent progress has been achieved in transport measurement of TMD moiré 

systems in dual-gated structure. Heavily dope carriers in the contact region. Choice of 

suitable metal with work function matching that of TMD layers. Higher doping density 

but mainly at hole-doping side. 

4.3 Observing a Series of Correlated Insulating States at Fractional Fillings of 

the WS2/WSe2 Moiré Superlattice by Microwave Impedance Microscopy 

The content of this research was published in my co-first authored paper, in which 

my contribution includes MIM measurements, data analysis and input for manuscript 

writing. 

Huang, X., Wang, T., Miao, S. et al. Correlated insulating states at fractional 

fillings of the WS2/WSe2 moiré lattice. Nat. Phys. 17, 715–719 (2021). 

In this study, we report the observation of a series of correlated insulating states at 

both e- and h-doped regimes in a WS2/WSe2 hetero-bilayer moiré system, including Mott 

insulating states at fillings of 𝜈 = ±1  and even states at fractional fillings of 𝜈 =

+
1

6
, ±

1

4
, ±

1

3
, ±

1

2
, ±

2

3
, ±

3

4
, +

5

6
 & ±

3

2
. Monte Carlo simulations of a Coulomb gas model 

suggest that these fractional-filling states correspond to long-range orderings of electrons 

in the moiré lattice with various spatial patterns (triangular and stripe phases). The 

transition temperature for 𝜈 = ±
1

3
and ±

2

3
 can be as high as 120 K. Additional correlated 

https://doi.org/10.1038/s41567-021-01171-w
https://doi.org/10.1038/s41567-021-01171-w
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insulators at fillings of 𝜈 = −
8

9
, −

5

6
, −

7

9
, +

5

9
 and +

6

7
 also confirm the unexpected strong 

electron interaction in this moire system. 

4.3.1 Device Fabrication and Measurement Setup 

 

The high-quality bulk crystals of WS2 and WSe2 were purchased from HQ 

Graphene and were used to exfoliate monolayers. The crystal axes are determined by 

optical second harmonic generation measurements (see Fig. 4.6c for angle alignment of 

Dev1). Note that 0° device (Dev2) with a large SHG signal while 60° device (Dev1) with 

a small one [16]. A typical structure of the device studied is shown in Fig. 4.6a. Angle-

Figure 4.6 MIM on TMD hetero-bilayer moiré superlattice. a, Optical image for Dev1. b, 

SHG signal for Dev1 with a twist angle of ~1.1°. A much smaller SHG in the heterostructure 

region further indicating the alignment of ~60°. c, Illustration for device structure. d, Left: 

Effect circuit model for the tip-sample impedance (𝐶𝑆 and 𝑅𝑆) probed in MIM. Right: typical 

response curves for MIM-Im and MIM-Re as a function of sample 2D resistivity. Panel a-d 

adapted from REF 20, copyright Springer Nature. 

a 

b 
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aligned (0 or 60°) monolayers WS2 and WSe2 are encapsulated by hBN flakes. Thin 

graphite flakes are used as both the electric contacts and bottom gate electrodes. Given the 

lattice constant for each layer (WS2 : 3.15 Å; WSe2: 3.28 Å and the lattice mismatch ~4%), 

the moiré periodicity will be around 8 nm in aligned hetero-bilayers (Fig. 4.2b). The 

hetero-bilayer has a type-II band alignment with the low energy valance band from WSe2 

and conduction band from WS2 (Fig. 4.2c). In principle, moiré flat minibands should form 

on both the e- and h-doped sides with valance band maximum from WSe2 and conduction 

band minimum from WS2. We expect correlated insulating states from both doping sides, 

and we use scanning MIM to probe these insulating states through its capability to sense 

local sample resistivity. In MIM measurement, a microwave signal (from 1 – 10 GHz) is 

routed to a sharp metal tip and the reflected signal is analyzed to extract the imaginary and 

real parts of the complex tip-sample impedance, named as MIM-Im and MIM-Re, 

respectively. As the tip voltage oscillates, carriers in the sample move towards and away 

from the tip to screen the microwave a.c. electric fields. Such screening capability is 

characterized by the MIM-Im signal. The MIM-Re signal, on the other hand, characterizes 

the energy dissipation generated by the oscillating current induced in the sample. Normally, 

the samples we study experience a large change in its local resistivity while the change in 

permittivity is minimal. Thus, in the simulation with a fixed permittivity, the resistivity 

response curves for both channels are shown in Fig. 4.6d. Particularly, MIM-Im decreases 

monotonically with increasing resistivity within a finite sensitivity window and becomes 

saturated outside (saturates to a lower value at more insulating side and to a higher value 

at more metallic side). We performed MIM measurements by parking the tip at fixed 
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positions over the sample while sweeping the back gate voltage. The carrier density is tuned 

upon changing of the gate voltage. 

4.3.2 Mott Insulator States and Generalized Wigner Crystal States at Both e- and 

h-Doped Sides 

 

A representative MIM-Im in Dev1 is shown in Fig. 4.7a at a temperature of 3 K. 

At large gate voltages (𝑉𝑔 > 5 V or 𝑉𝑔 < −3 V), the system is highly e- or h-doped and 

become very conductive. A saturated high MIM-Im signal is observed on both sides. As 

the gate voltage is reduced from either side with a reduced doping carrier density, the 

sample becomes more insulating with a decreasing MIM-Im signal. During this process, a 

series of insulating states manifest as dip features. With the device geometry, we can 

Figure 4.7 Spectrum of the correlated insulating states. a, MIM-Im curve as a function of 

back gate voltage taken on Dev1 at 3 K. b, and c, MIM-Im curves as a function of calibrated 

filling fraction at selected temperatures for h- and e-doping sides, respectively. Panel a-c 

adapted from REF 20, copyright Springer Nature. 

a 

b c 
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determine the relative carrier density change in the gate voltage. The calculation is based 

on a parallel capacitor model and the relative change (𝛥𝑛) in carrier density is  

𝛥𝑛 = 𝜀0𝜀𝑟𝛥𝑉𝑔/𝑒𝑑, 

where 𝜀0: the vacuum permittivity; 𝜀𝑟: dielectric constant for dielectric material (3 − 4 

for hBN); d: the thickness of dielectric material. Before assignment of the actual filling 

factor for these correlated insulating states, we need to first determine the band extrema.  

 

Figure 4.8 Temperature dependence of the correlated insulating states. a, MIM-Im data 

(Dev1) as a function of gate voltage at temperatures from 3 K to 160 K. b, Temperature 

range in which the correlated insulating states can be resolved by MIM. c, The melting 

temperature obtained by MC simulations at various filling fractions corresponding to 

experimentally observed values. Panel a-c adapted from REF 20, copyright Springer Nature. 

a b 

c 
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Corelated insulating states should have thermal activation effect and disappear at 

relative high temperatures while the intrinsic band edge should not. We repeat the same 

measurement at temperatures up to 160 K as shown in Fig. 4.8a. When the temperature is 

increasing, there are two gate voltage thresholds (~0 and + 1.5 V) that do not disappear 

despite some shift in absolute voltage values (probably due to a remedied contact resistance 

and a better gating performance). The absence of gate voltage inbetween (from 0 to 1.5 V) 

could be due to charge carriers doped to in-gap defect states. Thus, we confidently assign 

the two thresholds as band edges beyond which (𝑉𝑔 < 0 V or 𝑉𝑔 > +1.5 V) holes/electrons 

start to populate the TMD valance/conduction moire bands. At intermediate temperatures, 

such as 80 K, the insulating features (dips at -1.6 V and +3 V) are similar on both e- and 

h-doped sides. With the knowledge of the used hBN thickness ( ~17.4 nm ), the 

corresponding carrier density for these features ( 𝛥𝑉𝑔 = 1.5 𝑉 ) are around 1.4 −

1.9 × 1012𝑐𝑚−2. This carrier density value corresponds to that of a WS2/WSe2 moire 

superlattice with periodicity of ~8 nm. We assign these states as Mott insulator at half 

fillings (𝜈 = ±1). Meanwhile, we noticed that another group has observed same Mott 

insulator states in a similar hetero-bilayer [19]. At 𝑉𝑔 = 5 V , an insulating state with 

doubled carrier density is observed when temperature is lower than 40 K . This state 

corresponds to full filling band insulator state of the conduction moiré flat band of the WS2 

layer (𝜈 = +2). Knowing the position of |𝜈| = 1, 2, we can determine the other insulating 

dips by assuming a linear relationship between gate voltage and carrier density. For each 

observed features, the filling value is calculated based on the calibration and converted into 

the closest simple fraction. In Fig. 4.7a, the major dip features in 3 K data can be assigned 
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to 𝜈 =  ±
1

3
, ±

1

2
, ±

2

3
, ±1, ±

3

2
 and +2. Some other fine features are observed next to these 

major dips. To clearly resolve the existence of these additional features, temperature-

dependent measurements are carried out and the data are shown in Fig. 4.7a and 4.7b. At 

temperatures from 3 K to 26 K, traces of MIM-Im unambiguously present the additional 

insulating features and the filling values are assigned as 𝜈 =  ±
1

4
, ±

3

4
, +

1

6
 and +

5

6
. 

Correlated insulating states at 𝜈 =  ±
1

3
, ±

2

3
, similar as in the previous study [18], are 

generalized Wigner crystal states.  

4.3.3 Additional Correlated Insulating States at Fractional Fillings 

 

For the Mott insulator state, the whole moiré superlattice is uniformly filled with 

one carrier per moiré lattice site (shown in Fig. 4.9a). For the generalized Wigner states at 

𝜈 =  ±
1

3
, the carrier density is only 1/3 of the Mott state and thus only one carrier fills 

Figure 4.9 Ordering patterns at fractional fillings of the moiré lattice. a, Mott insulator 

state for the WS2/WSe2 moiré superlattice, filled by one carrier per moiré unit cell. b, and c, 

Patterns for the triangular lattice formed at fractional fillings of 𝑛 =  
1

3
 and 

1

4
, respectively. d, 

and e, Patterns for the stripe phase formed at fractional fillings of 𝑛 =  
1

2
 and 

1

6
, respectively. 

Panel a-d adapted from REF 20, copyright Springer Nature. 
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every three moiré unit cells (Fig. 4.9b). To preserve the rotational symmetry of the original 

moiré superlattice, charge patterns still form a triangular lattice but with a larger period of 

√3𝜆𝑚, where 𝜆𝑚 is the periodicity of the moiré superlattice. The |𝜈| =
1

3
 states can also be 

understood by considering a non-negligible nearest-neighboring (NN) interaction between 

carriers besides the onsite Coulomb repulsion. Thus, charge carriers tend to avoid NN-site 

occupation. Correspondingly, charge patterns for |𝜈| =
2

3
 can be achieved by simply 

exchanging the occupied and empty sites in |𝜈| =
1

3
.  

To understand the ordering patterns for all the other fractional fillings, we 

performed MC simulation on a Coulomb gas model with a triangular lattice at fillings 0 <

𝑛 ≤ 1/2 (details of the MC simulation can be found in the Methods part of Ref  [20]). 

Considering only the Coulomb interaction (neglect the kinetic energy), the corresponding 

Hamiltonian is  

𝐻 =
1

2
∑ 𝑉𝑖𝑗(𝑛𝑖 − 𝑛)(𝑛𝑗 − 𝑛)

𝑖,𝑗
 , 

where 𝑉𝑖𝑗 is the Coulomb interaction between electrons at i-th and j-th moiré sites and 𝑛𝑖 =

0 or 1 for an occupied or empty i-th moiré site. 𝑛 is the averaged filling factor. A state at 

filling of 1 − 𝑛 can be obtained by swapping occupied and empty sites, i.e., particle-hole 

symmetry. In a 2D device with nearby metallic gate, the approximated Coulomb interaction 

with some screening effect is expressed as  

𝑉(𝑟) = 1
𝑟⁄ − 1

√𝑟2 + 4𝐷2⁄  
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Where 𝑟: distance between charge carriers; 𝐷: distance between gate and charge carriers). 

Here we consider unscreened Coulomb interaction since D is large with  

𝑉(𝑟) = 1
𝑟⁄ = 1

|𝑹𝑖 − 𝑹𝑗|⁄  

 The MC simulations search for filling factors through 0 to ½ to identify any stable charge 

ordering patterns. Two categories of robust ground-state configurations against 

perturbation, triangular or stripe phases, are obtained for specific filling fractions. For 

example, in Fig. 4.9b and 4.9c, localized charge carriers form a triangular phase at 𝑛 =

1

3
or 

1

4
. They match the observed correlated insulating states at 𝜈 =  ±

1

3
, ±

2

3
, ±

1

4
 and ±

3

4
.  

These are considered as generalized Wigner crystal states, resulting from the long-range 

Coulomb interaction in the moiré superlattice. The rotational symmetry (𝐶3) is preserved 

but the translational symmetry is not. In general, the triangular lattice will form if the actual 

filling satisfies 𝑛 = 1
𝑝⁄ , where 𝑝 is an integer and √𝑝𝜆𝑚  is the distance between two 

neighboring sites. This relation holds for 𝑛 = 1
3⁄  with √3𝜆𝑚 as the 2nd NN-site distance 

and 𝑛 = 1
4⁄  with 2𝜆𝑚 as the 3rd NN-site distance. 

Robust stripe phase ground-state has been observed for 𝑛 =
1

2
 or 

1

6
 and these match 

the experimental observations at  𝜈 =  ±
1

2
, +

1

6
 and +

5

6
. Here the 𝐶3 rotational symmetry 

is further broken in the stripe phase which contains partly filled rows along a same direction 

as shown in Fig. 4.9d and 4.9e. For the experimentally observed correlated insulating states 

at 𝜈 =  +
3

2
, this state should share a similar charge pattern as 𝜈 =  +

1

2
 as can be understood 

by adding charge carriers on top of a uniformly filled background in the case of (𝜈 =
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 +
1

2
 plus 𝜈 =  +1). Here we ignore the specific occupation site within the moiré unit cell 

(different intra-cell high symmetric stacking site) or a charge-transfer insulator 

picture [21].  

We performed temperature dependence of MIM-Im traces to examine the insulating 

states. The series of data are shown in Fig. 4.8a. The experiment disappearing temperatures 

of these correlated insulating states (above which the states cannot be resolved) are listed 

in Fig. 4.8b. Above these temperatures, charge carriers can easily hop to nearby empty 

sites at specific fillings, meaning charge carriers are no longer localized. Mott insulator 

states (|𝜈| = 1) persist up to 120 − 160 K, which corresponds a thermal activation energy 

of 10 − 20 meV. Fractional filling states 𝜈 =  ±
1

3
, ±

2

3
, ±

1

2
, ±

1

4
, ±

3

4
 and +

3

2
 disappear 

at ~30 − 40 K , while 𝜈 =  −
3

2
 at ~10 K  and 𝜈 =  +

1

6
 and +

5

6
 at 4 − 6 K . The 

experimental characteristic temperatures well match the melting temperatures of these 

charge ordering patterns from the MC simulation. 
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4.3.4 Even Stronger and Longer-Range Coulomb Interaction 

 

In device Dev2, an even stronger longer-range interaction has been observed as 

shown in Fig. 4.10, including new fractional-filling insulating states at 𝜈 =

 −
8

9
, −

5

6
, −

7

9
, +

5

9
 and +

6

7
. The 𝜈 =  −

5

6
 state shares the similar stripe charge order 

configuration as 𝜈 =  +
5

6
 in Dev1. Under particle-hole symmetry, 𝜈 =  −

6

7
 or −

8

9
 states 

are found to have triangular lattice same as 𝑛 =  
1

7
 or 

1

9
. Same analysis for 𝑛 =  

1

3
 or 

1

4
, 

𝑛 =  
1

7
 stands for occupation with separating distance of 4th NN neighbors and 𝑛 =  

1

9
 

Figure 4.10 Correlated insulating states on device Dev2. a, MIM-Im in Dev2 as a function 

of filling factor at 2.8 K. b, Filling pattern obtained by MC simulations for 𝑛 =  
1

7
 and 

1

9
. c, 

Temperature dependence of MIM-Im data from 2.8 K to 140 K. Panel a-c adapted from REF 

20, copyright Springer Nature. 
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stands for that of 5th NN neighbors (Fig. 4.10b). The 𝜈 =  +
5

9
 and −

7

9
 are exceptions 

which don’t have a well-defined transition to the ground states from our MC simulation. 

In addition to these correlated states with longer range interaction, the 𝜈 =

 ±
1

3
and ±

2

3
 states persist to much higher temperatures (100 − 120 K). These enhanced 

insulating states indicate a much stronger interaction which also corroborates the 

observation of rich filling fraction states in Dev2. Local strain or inhomogeneities may play 

a role in the enhancement of electron interaction but future study is required to address this 

question. Despite the large spatial inhomogeneities, the resolution of ~100 nm of MIM 

technique allows us to detect local electronic features in strongly correlated systems.  

4.3.5 Probing Correlated Insulating States Using Exciton in a Close WSe2 Sensing 

Layer by Another Group 

 

a 

b 

Figure 4.11 Correlated insulating states probed with exciton sensor.  a, Observation of a 

series of correlated insulating states at fractional fillings in the WSe2/WS2 moire superlattice 

probed by the reflection contrast spectrum of a WSe2 layer which is separated by a very thin 

hBN (~1 nm). b. Critical temperatures for the observed insulating states. Panel a-b adapted from 

REF 22, copyright Springer Nature. 
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Using the extreme sensitivity of A-exciton of WSe2 layer, researchers have 

observed these correlated insulating states at fractional fillings in a similar WSe2/WS2 

moire superlattice [22]. The main result is shown in Fig. 4.11. Including our research, the 

strong correlation effect with the formation of correlated insulating states at rich fractional 

fillings has been demonstrated in semiconducting TMD moire system. 
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4.4 Strong Interaction Between Interlayer Excitons Correlated Electrons in 

WSe2/WS2 Moiré Superlattice 

The content of this research was published in my co-first authored paper, in which 

my contribution includes MIM measurements, data analysis and input for manuscript 

writing. 

Miao, S., Wang, T., Huang, X. et al. Strong interaction between interlayer excitons 

and correlated electrons in WSe2/WS2 moiré superlattice. Nat Commun 12, 3608 (2021). 

4.4.1 Interlayer Exciton PL Revealing Correlated Insulating States 

 

Figure 4.12 Interlayer exciton PL revealing correlated states. a, Type-II band alignment in 

WSe2/WS2 hetero-bilayer with inter-layer excitons at Brillouin zone corner. b, Gate-dependent 

photoluminescence (PL) around 1.4 eV of D1 at 4.2 K. c, Comparison between PL peak 

position (extracted from b) and local conductivity probed by MIM (14 K). d, Zoom-in of c. 

Panel a-d adapted from REF 30, copyright Springer Nature. 

a b 

c d 

https://www.nature.com/articles/s41467-021-23732-6
https://www.nature.com/articles/s41467-021-23732-6
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 The type-II band alignment in hetero-bilayer TMD moire system allows the 

formation of interlayer excitons, in which electrons and holes reside on different 

layers [23–26]. Interlayer excitons are a promising candidate for quantum emitters due to 

their long lifetime, valley degree of freedom and tunability. Here we further study how 

these interlayer excitons interact with the correlated electrons in WS2/WSe2 hetero-bilayer 

moire superlattice. The interaction strongly modifies the photoluminescence (PL) of the 

interlayer excitons. The modulation of exciton PL energy unravels the emergence of 

correlated insulating states in moire system, such as Mott insulator state ( 𝜈 =  1 ), 

generalized Wigner crystal states (𝜈 =  
1

3
,

1

4
,

2

3
,

3

4
) and a strip phase state (𝜈 =  

1

2
). At the 

correlated electron states, increasing optical excitation power will brighten up the PL 

intensity of interlayer exciton, suggesting reduced mobility of the excitons in the moire 

unit cell. Enhancement of valley polarization of interlayer excitons is also observed at 

certain filling states. 

 In angle-aligned WSe2/WS2 hetero-bilayer, the optically excited electrons will 

reside in WS2 layer with corresponding holes in WSe2 layer as shown in Fig. 4.12a. The 

strong Coulomb interaction enables the formation of interlayer excitons and has been 

reported [27]. The samples studied here have a same device geometry as shown in Fig. 

4.6b. On a device D1, Fig. 4.12b shows the color plot of PL intensity as a function of 

photon energy and gate voltage at 4.2 K. The emission energy is around 1.4 eV which is 

much lower than A-exciton energy in isolated individual layer (WS2:~2.07 eV, WSe2: ~1.7 

eV) [28]. A continuous wave laser (1.959 eV) is used with an excition power of 5 uW. A 

large blue energy shift (~20 meV) is observed for the PL peak at gate voltage of ~2.9 V. 
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To examine the fine features, we extracted the PL peak position as a function of gate 

voltage and compare it with local conductivity measured by MIM-Im on the same device, 

shown in Fig. 4.11c. In MIM-Im data, a series of insulating states ( 𝜈 =

 ±1, ±
1

3
, ±

2

3
,

1

4
,

1

2
,

3

4
 and 2) can be identified as dip features and have been labeled in the 

figure. Most of these features have some correspondence in the PL peak position curve. 

The most pronounced correspondences are at fillings of e-doping side with a blueshift for 

the PL peak position. Our result demonstrates that the interlayer exciton PL energy has a 

sensitivity to the correlated insulating states in the moire system. This can be understood 

as interlayer exciton has a large spatial extend which renders it a high sensitivity of the 

dielectric environment (same idea employed in Ref [22,29]). At these correlated insulating 

states, electrons are localized, and the system opens a gap. The dielectric constant is 

subsequently modified. This reflects on modification of interlayer exciton in its binding 

energy, leading to the change in emission energy (blueshift of PL peak position). For Mott 

insulator state (𝜈 = +1) with a large energy gap compared with other correlated insulating 

states, the blueshift effect is prominent.   
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4.4.2 Power-Dependent PL Spectra of Interlayer Exciton 

 

We further change excitation power by changing the interlayer exciton density. In 

Fig. 4.13a, a higher excitation power (50 uW) reveals the formation of correlated states at 

𝜈 =  −
1

3
 and −

2

3
, which are missing in the spectra of 5 uW. Careful analysis of integrated 

PL intensity further reveals the state at 𝜈 =  −
1

4
 as shown in Fig. 4.13b. More drastic 

power dependence measurements are performed on another device D2 as shown in Fig. 

4.13c and 4.13d as the excitation power is changed from 0.5 to 300 uW. Despite the huge 

increase of exciton density, the Mott states (𝜈 = ±1) remain intact which suggests that 

excitons do not destroy the underlying periodic electron solid. For the spectra map, there 

Figure 4.13 PL of interlayer excitons under increased optical excitation power. a, PL 

spectra of Dev3 at higher optical excitation power (50 uW). b, Integrated interlayer exciton 

PL intensity as a function of gate voltage for D1 under different excitation power. c, d Gate-

dependent PL spectra of D2 under different excitation power. Panel a-d adapted from REF 

30, copyright Springer Nature. 
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is an asymmetric PL peak shift as a function of the gate voltage for h- and e-doping sides 

(prominent shift in e-doping side). This is due to the type-II band alignment and the device 

structure with WSe2 layer closer to the back gate. At h-doping, holes accumulate the WSe2 

layer, and this significantly screens the electric field between WSe2 and WS2 layers. At e-

doping, electrons accumulate in the WS2 layer and the screening effect from WSe2 layer 

is negligible. Therefore, the blueshift effect due to the Stark shift is only pronounced at e-

doping side. Another noticeable observation is the strongly enhanced PL intensity at 𝜈 =

+1 under much higher excitation power (comparing Fig. 4.13c and 4.13d). This indicates 

reduced mobility of interlayer excitons at this state as the measured lifetime changed from 

5.1 ns (𝜈 = 0) to 6.5 ns (𝜈 = +1) when electrons are localized at the Mott state (see 

Supplementary Note 3 of Ref [30]). Interlayer excitons can be polarized by the localized 

electrons and the attractive force between electrons and polarized excitons could reduce 

the exciton mobility compared to the charge neutral scenario ( 𝜈 = 0). With reduced 

nonradiative recombination, the PL intensity is thus enhanced. Our results raise the 

question to further study possible localization of interlayer excitons in a periodic electron 

solid of a moire system. 
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4.4.3 Enhanced Valley Polarization of Interlayer Exciton at Certain Fillings 

 

 Helicity-resolved PL spectroscopy measurements provide access to study valley 

degree of freedom for interlayer excitons. Here we excite the two samples (R stacking, 0° 

for D1; H stacking, 60° for D2) using right circularly polarized light (𝜎+) and detect the 

interlayer exciton PL of both helicity (𝜎+ or 𝜎−). The valley polarization is calculated by 

the expression  

𝑃 = 𝐼(𝜎+) − 𝐼(𝜎−)
𝐼(𝜎+) + 𝐼(𝜎−)⁄ , 

Where 𝐼(𝜎+) and 𝐼(𝜎−) are PL intensity with same and opposite helicity, respectively. 

The valley polarizations for the two samples are shown in Fig. 4.14a, b. The sign of valley 

polarization is consistent with stacking configuration as interlayer exciton at the atomic 

registry site of 𝑅ℎ
𝑋 (D1) and 𝐻ℎ

ℎ (D2) [31]. In both samples, the correlated insulating states 

are associated with an enhanced valley polarization. In D2, this effect is most drastic at 

fillings of 𝜈 = 1 and 2 . Possible explanation could be due to the attraction between 

interlayer excitons and the localized correlated electrons. This significantly reduces the 

Figure 4.14 Valley polarization of interlayer excitons in the moiré superlattice. a, b 

Valley polarization of the interlayer excitons in D1 (0°-twisted) and D2 (60°-twisted) at 

4.2 K. Panel a-d adapted from REF 30, copyright Springer Nature. 
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valley depolarization process which requires annihilation of one exciton in one valley and 

creation of another exciton in the opposite valley. We noticed that similar results have been 

observed in a research by another group [29]. 

 In summary, the interaction between correlated electrons and interlayer excitons 

enables the probing of these correlated insulating states in the moire superlattice. 

Furthermore, it can be utilized to control the mobility and valley polarization of the 

interlayer excitons.  

 

Additional reference  [32]. 
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Chapter 5 Tuning Moiré Excitons and Correlated Electronic States through 

Layer Degree of Freedom 

Moiré coupling in transition metal dichalcogenides (TMD) superlattices 

introduces flat minibands with strong electronic correlation and emergent correlated states. 

It also modifies the strong Coulomb-interaction-driven excitons and gives rise to moiré 

excitons. Here, through the layer degree of freedom to the WSe2/WS2 moiré superlattice 

by changing WSe2 from monolayer to bilayer and trilayer, we observe systematic changes 

of optical spectra of the moiré excitons, which directly confirm the highly interfacial nature 

of moiré coupling at the WSe2/WS2 interface. The additional WSe2 layers also modulate 

the strong electronic correlation strength, evidenced by the reduced Mott transition 

temperature with added WSe2 layer(s). Our study presents a new method to tune the strong 

electronic correlation and moiré exciton bands in the TMD moiré superlattices, ushering in 

an exciting platform to engineer quantum phenomena stemming from strong correlation 

and Coulomb interaction. 

 

The content of this research was adopted from my co-first authored paper, in 

which my contribution includes MIM measurements, data analysis and input for 

manuscript writing. 

Dongxue Chen#, Zhen Lian#, Xiong Huang#, Ying Su# et al. Tuning Moiré 

Excitons and Correlated Electronic States through Layer Degree of Freedom, under view 

In semiconducting TMD moire system, the combination of large 

effective mass and strong moiré coupling renders the easier formation of flat bands and 
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stronger electronic correlation. This has been demonstrated with Mott insulating states in 

WSe2/WS2 moire superlattice at half filling with transition temperatures exceeding 150 

K and correlated insulating states at fractional fillings [1–3]. Furthermore, it would be of 

great interest to tune the correlation strength in this TMD moire system. Recently [4,5], 

out-of-plane electric displacement field has been used to tune the moire band width hence 

the correlation strength in twisted homobilayer WSe2 [4] or o°-aligned MoTe2/WSe2 

heterobilayer [5]. Here, we approach the tuning of electronic correlation through the layer 

degree of freedom, by increasing the layer number of WSe2 in aligned WSe2/WS2 

heterostructure. 

5.1 Determination of Layer Number by Optical Reflectance 

 

 

c d 

e f 

Figure 5.1 WSe2 layer 

number determination. 

a and b Optical images of 

a back-gate WSe2/WS2 

devices, D1 and D2 

respectively. c-e Optical 

images of WSe2-only 

layers and the reflectance 

contrast f. Additionally, 

layer thickness has been 

studied by AFM as plot in 

c. 
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The back-gated angle-aligned WSe2/WS2 heterojunction devices are shown in Fig. 

5.1a-b using same fabrication technique as described in previous chapter. The device 

structure is explained in Fig. 5.2a. Three different regions: 1L/1L, 2L/1L, and 3L/1L 

WSe2/WS2, can be resolved in the same device. The three regions are expected to have a 

same twisted angle since WSe2 layers are from the same flake.  

The optical reflectance from a thin flake of 2D materials is related to its 

absorption [6,7] and thus provides a powerful method to determine the thickness of the 2D 

materials such as WSe2. The microscope images of three WSe2 flakes (including a standard 

WSe2 flake, device D1, and device D2) are shown in Fig. 5.1c-e. Optical contrast analysis 

method is applied to realize thickness identification by numerically analyzing the RGB 

optical images of the samples. The reflectance contrast (R contrast, defined as 

(𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 – 𝑅𝑠𝑎𝑚𝑝𝑙𝑒)/𝑅𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒) for these three pieces of WSe2 flakes is also calculated 

(the red channel), and the values for different layer regions are plotted in Fig. 5.1f. It is 

evident that WSe2 regions with a certain layer number share similar R contrast, while the 

increase of one additional layer will increase the R contrast by one “step”. Thus, by 

comparing with the R contrasts of standard WSe2 flake and the WSe2 flakes used in D1 

and D2, we can accurately confirm the number of layers of WSe2. The layer thickness is 

further confirmed through AFM 23  measurements (Fig. 5.1c). For the standard WSe2 

sample, we overlayer the AFM topography measurements with the microscope image. It is 

evident that each layer adds to about 0.74 ±  0.03 nm in height, consistent with previous 

reports  [8]. 

 
23 Atomic force microscopy. 
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5.2 Interfacial Moiré Potential Revealed by Optical Reflectance Measurements 

 

The 1L/1L WSe2/WS2 heterojunction has a type-II band alignment, with the 

conduction band minimum (CBM) located in the WS2 layer and the valance band 

maximum (VBM) in the WSe2 layer. Strong moiré coupling leads to a band folding in the 

mini-Brillouin zone and generates moiré exciton bands, which will split the A exciton 

resonance of WSe2 into three moiré exciton peaks, as demonstrated in the previous 

experiments [9,10]. Here the reflectance spectra in the three different regions of the 

WSe2/WS2 multilayer heterojunction as a function of the gate voltage are shown in 

Fig.5.2c-e. There are two major differences between the moiré exciton spectra from the 

Figure 5.2 Angle-aligned multilayer WSe2/monolayer WS2 moiré superlattice. a, 

Schematic of the multilayer WSe2/monolayer WS2 heterojunction devices, encapsulated with 

BN on both sides with few-layer graphene as back gate electrode. b, Differential reflectance 

spectra of different regions at zero gate voltage. c-e, are the differential reflectance spectra as 

a function of the gate voltage (density of carriers) at the region of 1L/1L, 2L/1L, and 3L/1L 

WSe2/WS2. All data were taken at 4.5 K.  
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1L/1L WSe2/WS2 and multilayer WSe2/monolayer WS2 (2L/1L or 3L/1L) heterojunction. 

First, it is evident that near the charge-neutral region (gate voltage ~ 0 V), there are three 

moiré exciton resonances in the 1L/1L WSe2/WS2 region (Fig. 5.2c) but four in other 

regions (2L/1L and 3L/1L). Second, the moiré exciton energy difference between the 

lowest and highest energy moiré excitons increases significantly in both 2L/1L (Fig. 5.2d) 

and 3L/1L (Fig. 5.2e) WSe2/WS2 regions. These observations are better illustrated in Fig. 

5.2b, which plots the differential reflectance spectra at the gate voltage of 0 V for the three 

different regions (line cuts at zero gate voltage in Fig. 5.2c-e. The observed moiré exciton 

peaks are listed in the Table 5.1 below for three regions: 

WSe2/WS2 𝑋𝐼𝑉 𝑋𝐼 𝑋𝐼𝐼 𝑋𝐼𝐼𝐼 

1L/1L -- 1.662 1.715 1.753 

2L/1L 1.693 1.642 1.728 1.793 

3L/1L 1.677 1.645 1.730 1.785 

Table 5.1 Moiré exciton peaks energy (eV) for three regions. 

The largest moiré exciton energy difference, defined as the energy difference 

between 𝑋𝐼𝐼𝐼 and 𝑋𝐼, is ~ 90 meV for the 1L/1L region but ~ 150 meV for 1L/2L region 

and ~140 meV for 1L/3L region, an increase of more than 50%.  

The above observations suggest that the moiré potential is highly localized at the 

WSe2/WS2 interface and has a limited extension along the out-of-plane direction. As a 

result, the moiré coupling only significantly modifies the first WSe2 layer in contact with 

the monolayer WS2. The newly developed exciton resonances in the 2L/1L and 3L/1L 

WSe2/WS2 heterojunctions ( 𝑋𝐼𝑉
2L and 𝑋𝐼𝑉

3L ), therefore, arise from the barely modified 

intralayer A exciton in the additional WSe2 layers away from the interface. This is 
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supported by the fact that the energies of 𝑋𝐼𝑉
2L (1.693 eV) and 𝑋𝐼𝑉

3L (1.677 eV) are close to 

the intralayer A exciton energy of monolayer WSe2 (~1.70 eV), and it is further 

corroborated by the stronger reflectance intensity from the new moiré exciton in 3L/1L 

WSe2/WS2 (𝑋𝐼𝑉
3L) compared with that in 2L/1L WSe2/WS2 (𝑋𝐼𝑉

2L). Moreover, there is a 

redshift in the moiré exciton resonance 𝑋𝐼 and blueshifts in 𝑋𝐼𝐼 and 𝑋𝐼𝐼𝐼 in both 2L/1L and 

3L/1L WSe2/WS2 compared with those in 1L/1L WSe2/WS2 (Fig. 1b). And the shift of 𝑋𝐼𝐼 

and 𝑋𝐼𝐼𝐼 is more significant in magnitude than that of 𝑋𝐼. 
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5.3 Theoretical Simulation of Moiré Excitons for Different Regions 

 

A phenomenological model can be used to understand the results, considering the 

moiré excitons in the first WSe2 layer interacting with a exciton state in the added WSe2 

layer(s) that has the resonance energy between 𝑋𝐼 and 𝑋𝐼𝐼. The resulting level repulsion 

naturally explains the red shift of 𝑋𝐼 and blue shift of 𝑋𝐼𝐼 and 𝑋𝐼𝐼𝐼 in the 2L/1L (3L/1L) 

compared with 1L/1L WSe2/WS2. To understand the phenomenological model, we propose 

a possible microscopic mechanism by considering the hybridization between moiré 

excitons and interlayer-like hybrid exciton ( ⅈ𝑋 ) in multilayer WSe2/1L WS2. The 

Figure 5.3  Theoretical simulation of moiré excitons. a and b are the energy bands of bare 

intralayer A excitons in 1L WSe2 and moiré excitons in 1L/1L WSe2/WS2, respectively. In 

(a), the A exciton bands are folded into the mini Brillouin zone of the moiré superlattice for 

discussion. Inset of (a) shows the schematic of the mini Brillouin zone with high symmetry 

points. The WSe2 bright intralayer A exciton state is marked by 𝑋A in (a). (b) The three bright 

moiré exciton states ( 𝑋I
1L, 𝑋II

1L, and 𝑋III
1L). Here we set the energy 𝐸A of 𝑋A as the energy 

reference. c-e Optical absorption spectra in 1L/1L, 2L/1L, and 3L/1L WSe2/WS2 with 

interlayer hybridization between moiré exciton and intralayer A exciton considered in (d) and 

(e). 
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hybridization can increase the energy separation between moiré excitons and is enabled by 

the moiré-potential-induced Umklapp scattering. The interlayer-like hybrid exciton arises 

from the interlayer tunneling in multilayer WSe2 that hybridizes the valence bands in 

different layers [11]. However, it has much weaker oscillator strength than the intralayer-

like hybrid exciton and cannot be resolved in the experiment. In the absence of 

hybridization between different excitonic states, the energy dispersion of bare intralayer A 

excitons in 1L WSe2 and moiré excitons in 1L/1L WSe2/WS2 are shown in Fig. 5.3a and 

b, respectively. Here we fold the energy bands of A excitons into the mini-Brillouin zone 

to compare directly with that of moiré excitons. The bright A exciton state at the mini 

Brillouin zone center (denoted as 𝛾 point in the inset of Fig. 5.3a ) is marked as 𝑋𝐴 in Fig. 

5.3a, and the bright moiré exciton states are marked as 𝑋I
1L, 𝑋II

1L, and 𝑋III
1L in Fig. 5.3b. The 

optical absorption spectrum of moiré excitons in 1L/1L WSe2/WS2 is shown in Fig. 5.3c, 

with the three resonances corresponding to the three bright moiré exciton states.  For the 

absorption spectrum of 2L/1L WSe2/Ws2 in Fig. 5.3d, we introduce the hybridization 

between moiré excitons and interlayer-like hybrid excitons. The hybridization induces a 

redshift in 𝑋I
2L and blueshifts in 𝑋II

2L and 𝑋III
2L compared with those of 1L/1L WSe2/WS2 in 

Fig. 5.3c. The larger shift in the magnitude of 𝑋II
2L and 𝑋III

2L indicates stronger hybridization 

with the interlayer-like hybrid exciton, which is consistent with the proposed mechanism. 

Moreover, the intralayer-like hybrid exciton in the second WSe2 layer leads to another 

resonance 𝑋𝐼𝑉
2L between 𝑋𝐼

2L and 𝑋𝐼𝐼
2L, as shown in Fig. 5.3d, which is consistent with our 

experimental observation (Fig. 5.2b, d). In 3L/1L WSe2/WS2, additional hybrid excitons 

can be induced by the interlayer tunneling between valence bands in the 2nd and 3rd WSe2 
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layers. In this case, the additional hybrid excitons away from the WSe2/WS2 interface do 

not affect the moiré excitons. Therefore, the moiré excitons in 3L/1L WSe2/WS2 are nearly 

identical to those in 2L/1L WSe2/WS2 (Fig. 5.3d), also consistent with our experimental 

results (Fig. 5.2b). On the other hand, the additional hybrid excitons from upper WSe2 

layers will contribute to the resonant peak 𝑋IV
3L which should be consisted of two sub-

resonances. This is also consistent with our experimental data, as 𝑋𝐼𝑉
3L (Fig. 5.2e) is broader 

than 𝑋𝐼𝑉
2L  (Fig. 5.2d). Interestingly, although these two resonances in 𝑋𝐼𝑉

3L  cannot be 

resolved at the charge-neutral region, likely due to linewidth broadening, they can be 

revealed in the p-doping region (Fig. 5.2e). Further study is required. 
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5.4 Electronic Band Structure for WSe2/WS2 Moiré Superlattices with Different 

WSe2 Layer Numbers 

 

The moiré excitons in the three regions show distinct gate dependence, which also 

confirms the interfacial nature of the moiré coupling in the WSe2/WS2 superlattice. Our 

theoretical model, which considers the interfacial nature of the moiré coupling, shows that 

the valence bands due to the added layers are higher in energy than the moiré electronic 

flatband from the WSe2/WS2 interface, as shown in Fig. 5.4a-c. When carriers are added 

to the 1L/1L WSe2/WS2 heterostructure, they will fill the first moiré valence band in the 

WSe2 layer and the first moiré conduction band in the WS2 layer. The first flat moiré 

miniband has a strong electron correlation due to their narrow bandwidth, such as the 

formation of Mott insulator states at the half-fillings [1–3,10,12,13]. The optical 

Figure 5.4 Layer dependence of the electronic flat miniband for WSe2/WS2 moiré 

superlattices. a-c are calculated electronic band structure of the valence bands in 1L/1L, 2L/1L 

and 3L/1L WSe2/WS2, respectively, with the moiré flat band from the 1st layer WSe2 labelled 

in red. d-f are differential reflectance intensity of the moiré exciton (𝑋𝐼) as a function of the 

back gate voltage (carrier density) in Fig. 5.2c-e, respectively (vertical dashed line cuts), with 

the inset showing the enhanced reflectance spectra near the moiré excitons 𝑋𝐼𝐼 and 𝑋𝐼𝐼𝐼. 
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reflectance spectra are expected to be modulated by these correlated states. In the 1L/1L 

WSe2/WS2 region, all three excitons are modulated, with 𝑋𝐼
1L being the most obvious one 

(Fig. 5.2c). In the 2L/1L and 3L/1L WSe2/WS2 regions, the excitons at the lowest energy 

(𝑋𝐼
2L and 𝑋𝐼

3L) are also strongly modulated (Fig. 5.2d and e). Fig. 5.4d-f plot the gate 

voltage dependence of the lowest energy moiré exciton for the three different regions (𝑋𝐼
1L, 

𝑋𝐼
2L and 𝑋𝐼

3L), which clearly shows intensity modulations at |𝑛| = 124. On the other hand, 

the additional excitons in 2L/1L (𝑋𝐼𝑉
2L) and 3L/1L (𝑋𝐼𝑉

3L) WSe2/WS2 regions are barely 

affected by the formation of the Mott states at |𝑛| = 1 (Fig. 5.2d and e). These behaviors 

can also be explained by the interfacial nature of the moiré coupling, which confines the 

correlated electrons at the interface of WSe2/WS2. The modulation of the moiré excitons at 

the |𝑛| = 1 is likely due to the dielectric constant change and gap opening associated with 

the Mott insulator states. Due to the small radius of the strongly bound exciton [14], only 

the moiré excitons in the first WSe2 layer immediately interfacing with the WS2 monolayer 

can sensitively detect the dielectric constant change at the interface. In the 2L/1L and 3L/1L 

regions, the additional excitons originated from intralayer excitons localized in the added 

layers, are thus barely affected. 

  

 
24 Total degeneracy is 2. 
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5.5 Tunable Electronic Correlation Revealed by MIM 

 

To better investigate the tuning of the electron correlation by the layer degree of 

freedom, we perform MIM measurements to study the correlated insulating states in the 

three different heterostructure regions (Fig. 5.5a). In the multilayer WSe2/1L WS2 device, 

we primarily focus on the features on the hole-doping side, as the holes reside in the WSe2 

layer due to the type II alignment, and we introduce the layer degree of freedom by 

modulating the layer number of WSe2. At temperature 𝑇 = 10 𝐾, the MIM spectra in both 

1L/1L and 2L/1L WSe2/WS2 regions show similar pronounced features at various fillings, 

including the Mott insulator states at 𝑛 = −1, the generalized Wigner crystal states at 

fractional fillings of 𝑛 = −
1

3
, −

2

3
, −

1

2
, −

1

4
 & −

3

4
, etc. The 3L/1L WSe2/WS2 data show 

fewer and less pronounced dips: other than the Mott insulator state at 𝑛 = −1, only two 

fractional fillings 𝑛 = −
1

3
 and −

1

2
 can be resolved. There is also a small difference in the 

twist angle in the 3L/1L WSe2/WS2 region (~1.3°) compared to that in the 1L/1L and 2L/1L 

Figure 5.5 MIM 

measurements of 

correlated states in 

different moiré 

superlattices. a, MIM 

spectra as a function of 

gate voltage for the 

moiré superlattice of 

1L/1L WSe2/WS2 

(green), 2L/1L 

WSe2/WS2 (orange), and 

3L/1L WSe2/WS2 

(brown) at 10 K. b-d are 

the temperature 

dependent MIM spectra 

for the moiré superlattice 

of 1L/1L, 2L/1L, and 

3L/1L WSe2/WS2, 

respectively.  
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regions (~0.9°), which results in slightly different gate voltage positions for these insulating 

states in the 3L/1L WSe2/WS2 region25. Since the formation of the correlated insulating 

states at fractional fillings depends on long-range Coulomb interaction among electrons in 

neighboring moiré unit cells, our results suggest that the inter-site electron interaction 

strength is weaker in 3L/1L than in 1L/1L or 2L/1L WSe2/WS2. The difference in the on-

site interaction, corresponding to the Mott insulator state at 𝑛 = −1 , can be further 

revealed in its temperature dependence. As shown in Fig. 5.5b-d, as the temperature is 

raised, the features at fractional fillings disappear at ~30 K in both 1L/1L and 2L/1L 

WSe2/WS2 regions and at ~15 K in the 3L/1L WSe2/WS2 region. The Mott insulator state 

at n=-1 survives at much higher temperatures in 1L/1L WSe2/WS2, persisting to above 180 

K, the highest Mott transition temperature reported in all 2D moiré superlattice structures 

so far. In the 2L/1L WSe2/WS2 region, the Mott transition temperature is ~120 K, while it 

is much lower, ~60 K, in the 3L/1L region. As the correlation strength is determined by the 

ratio of the Coulomb interaction to the kinetic energy, the reduction of electron correlation 

strength from 1L/1L or 2L/1L WSe2/WS2 is likely due to the increased dielectric screening 

from the added WSe2, which reduces the Coulomb interaction at the interface. However, 

the further reduced correlation strength in the 3L/1L WSe2/WS2 is facilitated by the 

additional increase of kinetic energy, which arises from the increased bandwidth of the flat 

band. We emphasize here that even the reduced electron correlation in the 2L/1L and 3L/1L 

WSe2/WS2 is still significantly stronger than that in graphene moiré systems, with the Mott 

transition temperature around 4 K. As a result, the layer degree of freedom can be utilized 

for engineering new correlated states.  

5.6 Conclusion 

In summary, we have demonstrated a new moiré superlattice system based on 

multilayer TMD heterojunctions. The added layers host additional intralayer excitons that 

interact with the moiré excitons residing at the moiré interface, and they can further modify 

the correlation strength of the correlated states. Considering the layer-valley-spin locking 

in TMD [15], this new TMDs moiré superlattices provide an exciting platform to 

 
25Bottom BN has a thickness ~52 nm with dielectric constant chosen to be 3.5. 
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investigate emerging correlated valley and spin physics. In the next chapter, we will discuss 

the formation of an emergent quantum phase, excitonic insulator, in 1L/2L WS2/WSe2 

moiré superlattice. 
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Chapter 6 Correlated Excitonic Insulator in 1L/2L WS2/WSe2 Moiré Superlattice 

Two-dimensional (2D) moiré superlattices provide a highly tunable platform to 

study strongly correlated physics. Here, we report the observation of excitonic insulator, a 

correlated state with strongly bound electrons and holes, in the angle-aligned monolayer 

WS2/natural bilayer WSe2 moiré superlattice. Due to the highly interfacial moiré coupling, 

a flat miniband on the valence band side is induced only in the 1st-WSe2 layer interfacing 

WS2. The electrostatically introduced holes first fill this miniband and form a Mott 

insulator at filling factor 𝑛 = −1 , corresponding to one hole per moiré supercell. By 

applying a vertical electric field, the dispersive valence band in the 2nd-WSe2 layer can be 

tuned to overlap with the moiré miniband in the 1st-WSe2 layer, realizing the coexistence 

of electrons and holes at equilibrium, which are bound as excitons due to strong Coulomb 

interaction. Combining optical spectroscopy and microwave impendence microscopy 

measurements, we show that this new bound state at the total filling factor of 𝑛 = −1 is an 

excitonic insulator with a transition temperature as high as 90 K. Our study demonstrates 

a new moiré system for the study of correlated many-body physics in 2D and inspires 

engineering of novel quantum phases. 

The content of this research is from my co-first authored paper, in which my 

contribution includes MIM measurements, data analysis and input for manuscript writing. 

Dongxue Chen#, Zhen Lian#, Xiong Huang#, Ying Su# et al. Robust Excitonic Insulator in 

Heterojunction Moiré Superlattice, accepted by Nature physics 

An excitonic insulator (EI) is a bound state of electron and hole pairs due to strong 

Coulomb interaction [1–3]. Motivated by its relevance to the Bose-Einstein condensation 
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(BEC), researchers have long been looking for this exotic quantum state, while the study 

is often hindered by low transition temperatures or elusive experimental signatures. 

Recently, two-dimensional (2D) moiré superlattices have emerged as a controllable 

material platform with strong Coulomb interaction, enabled by the formation of flat 

minibands in which the kinetic energy of charge carriers is substantially reduced. 

Meanwhile, thanks to their small bandwidth, these minibands make it possible to realize 

the coexistence of electrons and holes via band engineering, a prerequisite to forming EIs. 

The strong Coulomb interaction further provides the glue for the strong binding of electron-

hole pairs. Here  we explore the possibility of EI in the highly tunable moiré superlattice 

of angle-aligned transition metal dichalcogenides (TMD), which has been shown to exhibit 

particularly strong electron correlation, evidenced by the Mott insulator state with high 

transition temperatures and various correlated insulating states at fractional fillings of the 

moiré superlattice [4–6].  

In this work, we study the moiré superlattice of angle-aligned monolayer 

WS2/bilayer WSe2 (1L/2L WS2/WSe2). We focus on the hole-doping regime as the valence 

band of TMD heterobilayers has been readily modeled for the study of a single band 

Hubbard model [7]. In WS2/WSe2 heterojunctions, the holes reside in the WSe2 layers due 

to the type II alignment [8], and it has been demonstrated that the moiré coupling in the 

monolayer WS2/monolayer WSe2 will form a flat miniband in WSe2 that enables the Mott 

insulator state at 𝑛 = −1, one hole per moiré unit cell [6,8–12]. In the 1L/2L WS2/WSe2 

moiré superlattice that we study here, the 2nd WSe2 layer in the natural bilayer WSe2, away 

from the WS2/WSe2 interface, contributes a parabolic valence band (VB2) that is 
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energetically close to the moiré miniband (MB1) in the 1st-WSe2 layer at the interface (Fig. 

6.1e). By applying an out-of-plane electric field, these two bands can overlap in energy, 

and the electrostatic doping can be used to simultaneously populate electron-like carriers 

in MB1 and hole-like carriers in VB2 (Fig. 6.1f), experimentally revealed by the optical 

signatures of exciton-polarons from the 2nd-WSe2 layer. Using microwave impedance 

microscopy (MIM), we further find that the system goes into an insulating state at 𝑛 = −1, 

at which the electron density in MB1 is equal to the hole density in VB2, confirming that 

these electrons and holes form a strongly bound EI state. This EI state is robust and exhibits 

a transition temperature as high as 90 K. 
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6.1 Optical Reflectance Study of Angle-Aligned 1L/2L WS2/WSe2 Heterojunction 

 

As schematically shown in Fig. 6.1a, a typical device consists of a monolayer WS2 

angle aligned on top of a natural bilayer WSe2, and the heterojunction is encapsulated with 

boron nitride (BN) flakes. The 1L/2L WS2/WSe2 (with the former layer on top) is dual-

gated by few-layer graphene (FLG) electrodes on both top and bottom, which allows us to 

Figure 6.1 1L/2L WS2/WSe2 moiré superlattice. a, device structure for angle-aligned 1L/2L 

WS2/WSe2 heterojunction. b, Optical reflectance spectra as a function of carrier density 

(filling factor) with 𝐸 = 0 at 5 K. c, Line cut of the optical spectra in (b) at charge neutral. d, 

Zoom-in of the white boxed region in (b) (left) and the peak intensity (right). e and f are 

calculations of the valence bands for the cases of E=0 (e) and E=40 mV/nm (f). MB1 is the 

flat miniband from the 1st-WSe2 layer and the VB2 is the valence band from the 2nd-WSe2 

layer. When the Fermi level crosses both MB1 and VB2, carriers are electron-like in MB1 but 

hole-like in VB2. 
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independently control the doping density, n, and electric field, E which are determined by 

the following equations [13]: 

𝑛 = 𝐶𝑡𝑔𝑉𝑡𝑔 + 𝐶𝑏𝑔𝑉𝑏𝑔         &         𝐸 =
1

2
(

𝑉𝑡𝑔

𝑑𝑡𝑔
−

𝑉𝑏𝑔

𝑑𝑏𝑔
) 

where 𝐶𝑡𝑔 (𝐶𝑏𝑔) is the geometric capacitance of the top (back) gate, 𝑉𝑡𝑔 (𝑉𝑏𝑔) is applied 

voltage on top (back) gate electrode, and 𝑑𝑡𝑔 (𝑑𝑏𝑔) is the thickness for the top (back) hBN 

(dielectric constant chosen as 3.5).  

We first investigate the optical signatures of the dual-gated heterojunction. Moiré 

coupling in TMD multilayer heterojunction has been shown to significantly modify the 

excitonic behaviors only at the moiré interface26 . Therefore, the intralayer A exciton 

resonance in the 2nd WSe2 layer remains at roughly the same energy and corresponds to the 

observed prominent 𝑋Ⅳ  peak. 

The moiré exciton at the lowest energy, 𝑋𝛪, is sensitive to the carrier density and 

exhibits intensity resonances at electron or hole density of ~2.0×1012 cm-2, which 

corresponds to the filling factor 𝑛 = +1/−1 (one electron/hole per moiré unit cell), as 

shown in Fig. 6.1d. It is worth noting that, at 𝑛 = −1, the moiré exciton 𝑋Ⅳ remains the 

same as that in charge neural doping (𝑛 = 0). However, 𝑋Ⅳ splits into attractive/repulsive 

exciton-polarons (𝑋𝑃𝐴/𝑋𝑃𝑅) at the increased doping around 𝑛 = −1.5 (total hole density 

of ~3.0×1012 cm-2). The exciton-polaron in TMDs arises from the many-body interaction 

between the intralayer exciton and the free carriers, with the exciton interacting with the 

Fermi sea of the opposite (same) valley leading to the red (blue) shifted attractive 

 
26 Please refer to study in the previous chapter for further reading. 
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(repulsive) exciton-polaron [14–17]. The doping dependence of 𝑋Ⅳ , therefore, suggests 

that at 𝑛 = −1 all the holes reside in the 1st-WSe2 layer, and they start to fill the 2nd-WSe2 

layer at 𝑛~ − 1.5  for the 𝐸 = 0  case. This observation inspires us to apply a vertical 

electric field to engineer the relative alignment of MB1 and VB2, which could allow holes 

to populate the 2nd-WSe2 layer at much lower hole doping (−1 < 𝑛 < 0). This is feasible 

according to our calculation (Fig. 6.1f), in which a positive electric field (pointing from 

WS2 toward WSe2) moves VB2 up relative to MB1. When E is large enough, VB2 can 

overlap with the flat MB1, which will allow hole carriers to transfer from the 1st-WSe2 

layer to the 2nd-WSe2 layer. When the total doping is at a level such that both MB1 and 

VB2 are partially filled, i.e., the Fermi level lying in the overlap range, the carriers near 

the Fermi level in MB1 will be electron-like due to the positive band curvature near the 

bottom of the band. On the other hand, the carriers in VB2 are hole-like as they are near 

the top of the valence band. This band alignment creates an interesting scenario, in which 

electrons and holes can co-exist simultaneously but in different WSe2 layers, setting up the 

stage for the formation of an EI. 

6.2 Coexistence of Electrons and Holes in Bilayer WSe2 

We next experimentally demonstrate the coexistence of electrons and holes in 

separate WSe2 layers by using an electric field to tune the band alignment. For each specific 

electric field, we measure the doping dependence of optical reflectance spectra, and the 

data for three characteristic electric fields are shown in Fig. 6.2. For all three cases, the 

moiré exciton 𝑋𝛪 exhibits a resonance at a hole density of ~2.0×1012 cm-2, corresponding 

to a total filling level of 𝑛 = −1. However, the moiré exciton 𝑋Ⅳ, which arises from the A 
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exciton response of the 2nd-WSe2 layer, show different behaviors at different electric fields. 

At 𝐸 =  −38 mV/nm, the splitting of 𝑋Ⅳ  into two exciton-polarons 𝑋𝑃𝐴 and 𝑋𝑃𝑅 occurs 

at a high hole doping level corresponding to a total filling of 𝑛~ − 2.3. Before reaching 

this doping level, all the carriers should be in MB1. Therefore, the 𝑛 = −1 state should 

correspond to the Mott insulator state at the half filling of MB1 with one hole per moiré 

unit cell. The strong on-site Coulomb repulsion splits the originally doubly degenerate 

MB1 into a lower Hubbard band (LHB) and an upper Hubbard band (UHB). For 𝑛 = −1, 

the Fermi level lies just below the UHB, as illustrated in Fig. 6.2g. VB2, which starts to be 

filled at 𝑛~ − 2.3, should lie even below the LHB, consistent with the negative direction 

of the electric field that pushes holes to the 1st-WSe2 layer (Fig. 6.2d). Under a positive 

electric field that moves VB2 up, the onset of the exciton-polaron is expected to occur at a 

lower hole doping. We find that at 𝐸 =  38 mV/nm this onset occurs at roughly 𝑛 = −1 

(Fig. 6.2b). This suggests that the band maximum of VB2 is at the same energy level as 

the bottom of the UHB of MB1, as illustrated in Fig. 6.2h. The Fermi level at 𝑛 = −1 

should now touch both the bottom of the LHB and the top of VB2. As the electric field 

further increases, these two bands start to overlap, and when the total doping level is fixed 

at 𝑛 = −1, some carriers will now transfer from the UHB to VB2 (Fig. 6.2e and 2f). From 

the perspective of electron-like carriers, the electron density in the UHB of MB1, ne, is 

exactly the same as the hole density in VB2, 𝑛ℎ , i.e., 𝑛𝑒 =  𝑛ℎ . The case of 𝐸 =  121 

mV/nm is such an example. The onset of exciton-polaron occurs clearly at a lower hole 

doping than 𝑛 = −1 (Fig. 6.2c). Therefore, the 𝑛 = −1 state corresponds to a state with 
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coexisting electrons in MB1 and holes in VB2 of equal densities, a potential candidate for 

an EI. 

 

6.3 Excitonic Insulating States Probed by MIM 

6.3.1 MIM on Dual-Gated 1L/2L WS2/WSe2 Heterojunctions 

The remaining step is to show that this state is insulating, which we demonstrate by 

combining microwave impedance microscopy (MIM) and optical spectroscopy 

measurements. MIM measures the local conductivity in a small sample area (~100 nm) 

underneath the tip. For this measurement, we fabricated devices with a monolayer graphene 

(MLG) as the top gate in order to apply a vertical electric field (see schematics in Fig. 

6.3a). We further apply a large magnetic field to form Landau levels (LLs) in MLG. In this 

Figure 6.2 Electric 

field tuning of the 

band alignment in 

dual-gated 1L/2L 

WS2/WSe2. a-c the 

doping dependence of 

optical reflectance 

spectra at electric fields 

of -38 (a), 38 (b), and 

121 (c) (mV/nm). d-f 

schematically show the 

distribution of holes in 

the two WSe2 layers for 

(a)-(c), with the ellipse 

denotes the interlayer 

exciton formed. g-i 

show the schematics of 

the valence band 

alignment at total filling 

n=-1 corresponding to 

(a)-(c), respectively. 

The relative alignment 

between VB2 and MB1 

is tuned by the electric 

field. 
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case, the bulk of MLG becomes much more insulating thus cannot completely screen the 

microwave electric fields from the tip. As a result, the penetrating fields are able to reach 

the WS2/WSe2 heterojunction and probe its conductivity through the top MLG gate. We 

then perform MIM measurement by tuning both the top MLG gate and bottom graphite 

gate to record a map of MIM signals. The MIM maps will exhibit features from both the 

top MLG (the LLs) and the WS2/WSe2 heterojunction (the correlated states).  

 

 

Figure 6.3 Transition between Mott insulator and EI states at 𝒏 = −𝟏 probed by MIM 

spectra. a, Schematic of a dual gated 1L/2L WS2/WSe2 device D1, same as the device in 

Fig. 1, but in a region with a monolayer graphene (MLG) as the top gate. b, Schematic of 

expected MIM features in a dual gate MIM map. (c)-(e) are color plots of MIM spectra as 

a function of top gate and back gate voltages for 1L/2L WS2/WSe2 region at 20 K (c) and 

at 70 K (d), and for 1L/1L WS2/WSe2 region at 70 K (e), respectively. The top panels are 

MIM-Im data and the bottom panels are MIM-Re data.  
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These two sets of features can be identified by their gate dependence. As illustrated 

in Fig. 6.3b, the LLs in the top MLG only depends on the potential difference between 

MLG and the sample but not on the bottom gate voltage, following the equation 

𝑛𝐺 = 𝐶𝑡𝑔(
𝜇𝑚𝑜𝑖𝑟𝑒−𝜇𝐺

𝑒
− 𝑉𝑡𝑔), 

where  𝜇𝑚𝑜𝑖𝑟𝑒  is the chemical potential of TMD heterostructure and 𝜇𝐺  and 𝑛𝐺  are 

chemical potential and carrier density of MLG. On the other hand, the correlated states in 

the heterobilayer should depend on both top and bottom gate voltages27. Indeed, the MIM 

maps show such two sets of features (Fig. 6.3c - e): the approximately vertical lines in the 

MIM maps correspond to the LLs which shift slightly as the TMD heterobilayer is driven 

near the charge neutral regions, likely due to changes in the chemical potentials in the 

sample and/or MLG; the diagonal lines correspond to features from the WS2/WSe2 

heterojunction, and their directions are consistent with the dual gate geometry. 

 
27 Same analysis as in previous optical reflectance study. 
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We clearly observe an insulating state at 𝑛 = −1 which runs from the upper left to 

lower right corners. At 20 K (Fig. 6.3c), the 𝑛 = −1 state remains insulating when the E 

field is varied in a range spanning from the Mott insulator to the expected EI states at the 

lower-right corner. The population of carriers in the second WSe2 layer is confirmed by 

optical reflectance spectra in the same device shown in Fig. 6.4b at 𝐸 = 70 𝑚𝑉/𝑛𝑚. This 

suggests that the state at large positive electric fields, with both WSe2 layers populated, is 

indeed insulating. But the Mott insulator and EI states are not readily distinguishable in the 

low temperature MIM map as both are insulating. On the other hand, the EI state is 

expected to have a lower transition temperature than the Mott insulator state due to the 

Figure 6.4 Doping-dependent reflectance spectra of the EI state for various temperatures. 

Under the electric field of 70 mV/nm, the dual-gated 1L/2L WS2/WSe2 (Device D1) is in the 

EI state at 𝑛 = −1. It is evident that the resonance of moiré exciton 𝑋𝐼 at 𝑛 = −1 becomes 

less distinct as temperature increases, suggesting the melting of the EI state. 
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further separation of interacting charges. We thus measure MIM maps at elevated 

temperatures. At 70 K, the insulating state disappears in the regime of large positive electric 

fields but persists through the rest of the E field range. As a comparison, the 1L/1L 

WS2/WSe2 region on the same device shows the 𝑛 = −1  Mott insulator state clearly 

through the entire accessible E field range at 70 K, measured during the same experiment 

run.  

These observations were also reproduced in another device with a reversed stacking 

order (2L/1L WSe2/WS2) (Fig. 6.5). Considering the device geometry, the MIM data map 

have a similar gate dependence as electric field with direction pointing from back gate to 

top gate can populate holes to 2nd-WSe2 layer and form an EI state (bottom corner in Fig. 

6.5). 
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6.3.2 Excitonic Insulating State in Single-Gate Sample 

We have also measured back-gate only devices with the same and reversed 

WS2/WSe2 stacking orders, as shown in Fig. 6.6a. In these device structures, the carrier 

density and electric field are coupled together as the back gate voltage is tuned. Since we 

focus on the hole-doping side of the heterojunctions, negative back gate voltages are 

applied which result in an E field pointing from the heterojunction to the back gate 

electrode as indicated by the arrows. As illustrated in Fig. 6.6, the 𝑛 = −1  state 

corresponds to the EI state in the 1L/2L WS2/WSe2 structure and the Mott insulator state 

in the 2L/1L WSe2/WS2 structure, respectively (the configurations of carrier population in 

both cases are verified by optical reflectance measurement, see Fig. 6.6c and e). The T-

Figure 6.5 Electric field dependence of MIM spectra in 2L/1L WSe2/WS2 device. a-c are 

color plots of MIM spectra as a function of top gate and back gate voltages for 2L/1L WSe2/WS2 

region at 20 K (a) and at 80 K (b), and for 1L/1L WSe2/WS2 region at 80 K (c), respectively. d, 

Schematic of expected MIM features in the dual gate MIM map. Note that the WSe2 layer is on 

top of the 1L WS2 layer in this device, therefore, the effects of top and back gates are opposite to 

that of device D1 presented in Fig. 6.3. 
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dependent MIM spectrum clearly show the insulating behavior in the EI state which has a 

transition temperature of 90 K in this device (Fig. 6.7b), consistent with the dual-gate 

device, and the slight difference might be due to sample variations and/or the weaker 

sensitivity of MIM to probe the insulating state through the MLG top gate. 

 

The combined MIM and optical spectroscopy data, therefore, support that this state 

𝑛 = −1, when holes partially populate the 2nd-WSe2 layer, is an EI state. The equal number 

of electrons in MB1 and holes in VB2 are tightly bound as charge-neutral excitons due to 

the strong Coulomb interactions considering the small physical van der Waals (vdW) gap 

Figure 6.6. The insulating states at 𝒏 = −𝟏 in single gated WSe2/WS2 devices. a, Upper: 

expected single-gate MIM features (red and blue dash lines) in the dual gate MIM map. Lower: 

geometry for two single-gate devices studied. b and d are normalized MIM as a function of 

back gate voltage in WS2/WSe2 and heterojunctions at a temperature of 8 K. c and e are the 

gate-dependent optical reflectance spectra for 1L/2L WS2/WSe2 and 2L/1L WSe2/WS2 in b, 

respectively. 
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between the 1st and 2nd layer WSe2 (~0.3 nm)28. Since no free carriers are left behind, and 

the charge-neutral excitons do not contribute to any charge transport, the system is in an 

insulating state. This insulating state should be rather sensitive to the imbalance of electron 

and hole densities, which is reflected as the width of the insulating feature in the MIM 

spectra. We indeed find that the insulating feature at 𝑛 = −1 becomes sharper in the EI 

regime compared to the Mott insulator regime (see Fig. 6.3c). The width of the conductance 

dip at 𝑛 = −1 reflects the sensitivity to the 𝑒 − ℎ imbalance. From our MIM data at 20 K 

(Fig. 6.3c and Fig. 6.5a), it does appear that the dip width in the EI state becomes narrower 

than that in the Mott insulator state. Our estimate is that the EI state exists for a density 

variation of 𝛿𝑛 = 0.06 while the Mott state has a variation of 𝛿𝑛 = 0.10 based on data in 

Fig. 6.3c. However, local inhomogeneity, such as variation in the twist angle or local 

doping, could also contribute to the broadening of the conductance dip. Therefore 𝛿𝑛 =

0.06 is an upper bound of the 𝑒 − ℎ imbalance that can be tolerated for the EI state. 

 
28 Two recent study use a thin BN (~1 nm) to separate 1L/1L WS2/WSe2 and WSe2 layers, which will result 
in a further separated electrons and holes, hence a weaker exciton binding energy [24,25]. 
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We note that the EI transition temperatures in this system are much higher than 

what was reported in two-dimensional electron gas (2DEG) based EI systems [18,19] or 

the EI in bilayer graphene [20,21]. The robustness of the EI originates from the strong 

Figure 6.7 Temperature dependent MIM spectra of single-gated monolayer-

WS2/multilayer-WSe2 devices with opposite stacking orders. a and b MIM spectra as a 

function of the hole doping for the single gated 1L/1L and 2L/1L WS2/WSe2 regions. e and f 

are doping dependent MIM spectra for the 1L/1L and 2L/1L WSe2/WS2 regions. The MIM 

spectra in b and f are equivalent to the red and blue linecuts in the schematic of the dual gate 

map in (i). Therefore, the 𝑛 = −1 states in b and f correspond to the EI and Mott insulator 

state, respectively. 
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correlation in the flat moiré miniband and the strong Coulomb interaction that leads to the 

large binding energy of the interlayer excitons across the vdW bilayer WSe2.  

6.4 Exciton-Polarons Confirmed by Helicity-Resolved Magneto-Reflectance 

Spectroscopy 

Finally, we use helicity-resolved magneto-reflectance spectroscopy to further 

confirm the exciton-polarons and the correlation of holes from the 1st and 2nd layer WSe2 

in the EI state. The exciton-polarons arise from the interaction between the intralayer 

exciton and the carriers in the same (attractive exciton-polaron) or opposite valley 

(repulsive exciton-polaron). An out-of-plane magnetic field lifts the valley degeneracy and 

leads to an energy difference between valence bands from K and K’ valleys. As a result, 

the hole doping will start to first fill one particular valley, say K valley, the screening of 

the excitons in the opposite (K’) or the same valley (K) will result in the attractive 

(repulsive) exciton polaron [14–17]. To confirm this, we excite the device with right (left) 

circularly polarized light, 𝜎+ (𝜎−), and probe the reflectance contrast in the right (left) 

circularly polarized channel. The data obtained from an out-of-plane magnetic field of 4 T 

is shown in Fig. 6.8. Under the electric field of 69 mV/nm, the 1L/2L WS2/WSe2 

heterojunction is at the EI state, and it is obvious that the intralayer exciton from the 2nd 

layer WSe2 ( 𝑋Ⅳ ) behaves as an attractive exciton polaron (Fig. 6.8a) in the 𝜎− 𝜎− 

measurement configuration and repulsive exciton polaron in the 𝜎+ 𝜎+ configuration (Fig. 

6.8b) at 𝑛 = −1. 
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We further measure the Zeeman shifts of both the attractive exciton polaron, 𝑋𝑃𝐴, 

and the moiré exciton 𝑋𝛪 at the EI state (𝑛 = −1 in Fig. 6.8a). The Zeeman splitting [22] 

of the absorption peaks are defined by 𝐸 = 𝐸0  ±
1

2
𝑔𝜇𝐵𝐵, where g is the Landé g-factor 

and μB is the Bohr magneton. The “+” and “−” signs are for the absorption peak energies 

from the K and K′ valleys, respectively. As shown in Fig. 6.8c, both 𝑋𝑃𝐴 and 𝑋𝛪 exhibit 

unique dependence on the magnetic field: a large Zeeman shift in the relatively low 

magnetic field regime, characterized by a g-factor much larger than 4, which then saturate 

at high magnetic field. In contrast, when 1L/2L WS2/WSe2 is in the Mott insulator state 

(𝑛 = −1), the 𝑋Ⅳ  intralayer exciton in the 2nd WSe2 layer shows a Zeeman splitting 

expected for a typical intralayer exciton in WSe2, with a g-factor value about 4. The 

magnetic field dependence of the moiré exciton 𝑋𝛪  at 𝑛 = −1  has been reported 

previously [5], which was ascribed to the magnetic properties of the ground state of the 

Mott insulator [5,7] in 1L/1L WS2/WSe2. Here, in the EI state of the 1L/2L WS2/WSe2, 

although part of the holes is moved to the 2nd-WSe2, these holes are still strongly correlated 

Figure 6.8 Helicity-resolved magneto-reflectance spectra under an out-of-plane 

magnetic field. a and b are doping-dependent reflectance spectra from K’ and K valley for an 

angle-aligned 1L/2L WS2/WSe2 device at 𝐸 =  69 mV/nm and 𝐵 = 4 T, showing the 𝑋𝑃𝐴 

and 𝑋𝑃𝐵 , respectively.  c Energy of 𝑋𝑃𝐴  and 𝑋𝛪  at 𝑛 = −1 as a function of B field. Inset 

shows the g factor obtained by fitting the Zeeman shift below the saturation field (~4 T). 
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magnetically with the holes in the 1st-WSe2, therefore the associated exciton polaron 

exhibits a similar Zeeman splitting behavior. On the other hand, when the 1L/2L 

WS2/WSe2 is tuned to the Mott insulator state, all the correlated holes are confined in the 

1st-WSe2. The 𝑋Ⅳ  is essentially the A exciton from the 2nd-WSe2, with an expected 

“normal” g-factor of intralayer exciton, ~4. Only the holes in the 1st-WSe2 form a Mott 

insulator state, thus giving rise to the Zeeman shift of moiré exciton 𝑋𝛪  that show the 

magnetic properties of the ground state. 

6.5 Conclusion 

In summary, we have demonstrated a new heterojunction moiré system exploiting 

the layer degree of freedom in the angle-aligned monolayer WS2/bilayer WSe2 device. The 

highly interfacial nature of the moiré coupling effectively decouples the two WSe2 layers, 

creating two neighboring bands that are spatially separated but energetically close. Their 

energy proximity allows flexible tuning of the band alignment using an electric field. The 

flat miniband, with its small bandwidth and low carrier density, provides a knob to 

manipulate carrier polarity by band filling. The spatial proximity enables strong Coulomb 

interactions as the bonding glue. All these factors are essential for the realization of EI in 

this moiré system and provide highly flexible means for engineering new quantum states 

under strong electron interaction, such as the superfluidity in an EI system [23].  
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Chapter 7 Intertwined Topological and Magnetic Orders in Atomically Thin 

Chern Insulator 

Strong correlation and topology are two central threads for modern condensed 

matter physics research [1]. In the previous chapter, we talk about electron strong 

correlation and emergent correlated insulating states in semiconducting TMD moire 

system. In this chapter, I will talk about our recent research on intrinsic magnetic 

topological insulator system. The content of this research was published in my co-first 

authored paper, in which my contribution includes MIM measurements, data analysis and 

input for manuscript writing. 

Ovchinnikov, D., Huang, X., Lin, Z., Fei, Z. et al. Intertwined Topological and 

Magnetic Orders in Atomically Thin Chern Insulator MnBi2Te4. Nano Lett. 21, 2544–

2550 (2021). [2] 

MnBi2Te4, a van der Waals magnet, is an emergent platform for exploring Chern 

insulator physics. Its layered antiferromagnetic order was predicted to host even-odd layer 

number dependent topological states. Furthermore, it becomes a Chern insulator when all 

spins are aligned by an external magnetic field. Here, we explore how the evolution of bulk 

electronic structure as the magnetic state is continuously tuned and its dependence on layer 

number (even or odd). Employing multimodal probes, we establish one-to-one 

correspondence between bulk electronic structure, magnetic state, topological order, and 

layer thickness in atomically thin MnBi2Te4  devices. As the magnetic state is tuned 

through the canted magnetic phase, we observe a band crossing, i.e., the closing and 

reopening of the bulk band gap, corresponding to the concurrent topological phase 

https://pubs.acs.org/doi/10.1021/acs.nanolett.0c05117
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c05117
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c05117
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transition in both even- and odd-layer-number devices. Our findings shed new light on the 

interplay between band topology and magnetic order in this newly discovered topological 

magnet. 
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7.1 Introduction to Intrinsic Magnetic Topological Insulator: 𝐌𝐧𝐁𝐢𝟐𝐓𝐞𝟒 

 

In 1980, von Klitzing et al. discovered a fully quantized Hall resistance for a 2D 

electron system in the inversion layer of a MOSFET (metal-oxide-semiconductor field-

effect transistor) when subjected a strong magnetic field (18 T) [3]. The unexpected integer 

quantum Hall effect (IQHE) was later awarded the 1985 Nobel Prize in Physics29. In two 

dimensions, electrons will follow cyclotron orbits and form landau levels when subjected 

to a magnetic field at low temperatures. As shown in Fig. 7.1a, the Hall resistance shows 

plateaus of quantized values of ℎ 𝜈𝑒2⁄  with a vanishing longitudinal resistance when the 𝜈-

th Landau level is fully filled (ℎ  is Plank’s constant and 𝑒  is the elementary charge 

constant). Later, it was realized that 𝜈 is a topological invariant which is insensitive to the 

actual geometry of the system. The topological invariant (the Chern number, also known 

 
29 https://en.wikipedia.org/wiki/Quantum_Hall_effect 

Figure 7.1 Quantized version of Hall effect and anomalous Hall effect. a, The quantum Hall 

effect (QHE) occurs in a 2D electron system subjected to an applied magnetic field. b, The 

quantum anomalous Hall effect with quantized Hall resistance without an applied magnetic 

field. From The Quantum Hall Effect Gets More Practical, APS ViewPoint. 

https://physics.aps.org/articles/v8/41
https://physics.aps.org/articles/v8/41
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as the Thouless–Kohmoto–Nightingale–Nijs invariant), is expressed by the integral of 

Berry curvature in the 2D Brillouin zone, 

𝐶 =
1

2𝜋
∑ 𝑑2𝑘(𝛻𝑘 × 𝐴𝑚)𝑚 , 

where 𝛻𝑘 × 𝐴𝑚  is the Berry curvature for the 𝑚-th occupied band 𝐴𝑚 . Usually, a 2D 

electron system can be classified as topologically trivial (𝐶 = 0) or nontrivial (𝐶 ≠ 0). 

Vacuum is a topologically trivial insulator. There exist topologically nontrivial insulators 

with different band topology (𝐶 ≠ 0). At the boundary between topological nontrivial 

materials and trivial insulators (e.g., vacuum), gapless edge states emerge due to the distinct 

band topology. Electrons in these edge modes travel unidirectionally along the boundary 

and has certain chirality. Elastic backscattering by non-magnetic impurities is forbidden 

since there is no available electronic states. Therefore, these chiral edge states are 

dissipation-less and propose a concept for low-power-consumption electronics and also 

spintronics application [4,5]. 

 Symmetry plays an important role in topological materials. The Chern number is 

zero for a material with time-reversal symmetry [6,7]. For time-reversal invariant systems, 

another type of topological invariant was proposed as the 𝑍2 invariant by Kane and Mele 

in 2005 [6,7]. 𝑍2 = 0 or 1, depending on the parity of the intersection number between the 

edge states and the fermi level. A 2D time-reversal invariant system is considered 

topologically trivial (𝑍2 = 0) when edge states intersect the fermi level at even number of 

times. When 𝑍2 = 1, the system is considered a topological insulator (TI) with edge states 

intersecting fermi level at odd number of times and persist within the bulk energy gap. The 

first discovered 2D TIs are HgTe/CdTe  [8] and InAs/GaSb  [9] quantum wells as well as 
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monolayer 1𝑇′- WTe2  [10–12]. The 𝑍2 classification can be extended to 3D systems as 

distinguishing 3D TIs (weak or strong). A weak 3D TI can be considered as stacked 2D 

TIs with easily destroyed gapless surface states where a strong 3D TI has robust gapless 

surface states at all surfaces. In a strong 3D TI, 2D surface states exhibit helical spin texture 

with spin-momentum locking. Backscattering is also forbidden. One representative 3D TI 

is the Bi2Te3 family whose helical gapless surface states have been confirmed by angle-

resolved photoemission spectroscopy [13,14]. 

Magnetism can be introduced to break the time-reversal symmetry and the magnetic 

exchange interaction can open an energy gap in the otherwise gapless surface states. A 

chiral edge mode can form at the boundary and contributes quantized Hall conductance 

(𝑒
2

ℎ⁄ ). This is known as the quantum anomalous Hall effect (QAHE) or quantum Hall 

effect without Landau levels [15], no requirement of an external magnetic field in the case 

of IQHE (Fig. 7.1b). There are two ways to introduce magnetism, such as magnetic doping 

and magnetic proximity effect. The first experimental realization of QAHE is in a Cr-doped 

(Bs, Sb)2Te3 TI film [16]. In this system, a precise control of the ratio of the multiple 

elements in this nonstoichiometric material is required. The randomly distributed magnetic 

dopants could act as impurities which limit the sample quality with non-ferromagnetic 

(FM) regions even below the Curie temperature. Electrons in the topological channel can 

be scattered by electrons from the surface states or bulk band of the non-FM regions. As a 

result, QAHE can only be observed at very low temperatures (~30 mK), which is much 

lower than the actual Curie temperature (a few tens of kelvin) [17] and the exchange gap 
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(hundreds of kelvin) [18] in the material. On the other hand, the QAHE is yet to be 

confirmed through magnetic proximity effect. 

 

In a recent work in 2017, first-principles calculation predicted experimentally 

feasible septuple layers of the tetradymite-type compounds [19]. When a magnetic MnTe 

bilayer is inserted into a quintuple layer of Bi2Te3, a MnBi2Te4 septuple layer is formed 

with a large magnetic exchange gap (~77 meV) opening at the topological surface states. 

This promises that MnBi2Te4 can be a robust QAHE candidate. Using molecular beam 

epitaxy technique, researchers found that the magnetic doping process (Mn) in Bi2Te3 thin 

film spontaneously forms a stoichiometric MnBi2Te4 septuple layers (SL) rather than the 

chemical substitution of Bi by Mn atoms [20]. This leads an experimental realization of 

intrinsic magnetic topological insulator. Soon the single crystal MnBi2Te4  was 

experimentally realized [21]. This van der Waals magnet consists of Te − Bi − Te − Mn −

Te − Bi − Te septuple layers as shown in Fig. 7.2a. The Mn2+ ions with a high spin of 𝑆 =

Figure 7.2 Lattice and electronic structures for MnBi2Te4. a, Lattice structure for 

MnBi2Te4. b, Electronic band structure for different orbitals. c, Magnetically induced energy 

gap for the topological surface states. Adapted from REF 22, Copyright ACS. 
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5/2  and a large magnetic moment of ~5 𝜇𝐵  (Bohr magneton) contribute the intrinsic 

magnetism. Below its Neel temperature (~25 K), the material has a ferromagnetically 

coupled spins within each SL and a magnetic anisotropy with an out-of-plane (𝑧) easy axis. 

The adjacent SLs are anti-ferromagnetically coupled which makes a bulk MnBi2Te4 an 

antiferromagnet (AFM). As calculated (Fig. 7.2b), the energy bands near the fermi level 

are dominated by the p orbitals of Bi and Te which contribute the TI property [22]. The 

energy bands of Mn atoms are several eV away from fermi level but the hybridization 

between these p and d bands are still strong enough to induce a magnetic exchange gap for 

the topological surface states as shown in Fig. 7.2c. This AFM state can be further driven 

into canted antiferromagnetic (cAFM) and FM phases by applying a magnetic field. The 

coupling of different magnetic configurations to the topological properties can lead to a 

variety of topological phenomena. Importantly, few -layer MnBi2Te4 can have a net layer 

of uncompensated magnetization when the layer number is odd together with zero-

magnetization even-layer samples. It is predicted that, in the AFM ground state without 

applying B field, an odd-layer sample will host the QAHE while the even-layer samples 

are expected to be axion insulators [23–25]. Recent progress has been made on exfoliated 

few-layer MnBi2Te4 devices and QAHE has been reported in one 5-SL device at zero 

magnetic field [26] (note 30). Chern insulators have been observed in both odd- and even-

layer samples in the magnetic-field-driven FM states [26–29]. These promising results 

point to few-layer MnBi2Te4  as a desirable platform to study the correlation between 

magnetic order and band topology. In these reported studies, corresponding magnetic states 

 
30 Only one odd-layer device shows QAHE to our best knowledge. 
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are usually inferred from Hall measurements. A direct correlation between magnetic and 

topological orders is yet to be established. It is also important to unravel the evolution of 

the bulk electronic band structure as the magnetic state is tuned (between AFM, cAFM and 

FM). The unique layer number effect should be carefully examined during this process. 

7.2 Sample Preparation: Layer Number Assignment and Device Fabrication 

 Bulk MnBi2Te4 crystals from Oak Ridge National Lab were grown out of a Bi −

Te flux [6]. Scotch-tape exfoliation method is used to obtain few-layer MnBi2Te4 onto 285 

nm thick SiO2/Si  substrates. Standard electron beam lithography, employing 300 nm 

PMMA31 resist and thermal evaporation of Cr (5 nm) and Au (50 nm) is used after lift-off32 

process. The transport devices33  were covered by PMMA during all measurements to 

prevent degradation. 

 
31 Also known as polymethyl-methacrylate. 
32 See wiki-pedia for lift-off process. 
33 Note that device 5SL-2 is made from another crystal grown by Y. Wu at Tsinghua University, Beijing, 

China. 

https://en.wikipedia.org/wiki/Lift-off_(microtechnology)#:~:text=The%20lift%2Doff%20process%20in,traditional%20subtracting%20technique%20like%20etching.
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The total magnetization behavior should be distinct between even- and odd-layer 

samples. First, we use reflective magnetic circular dichroism (RMCD)34 to investigate this 

even-odd effect on freshly exfoliated flakes. By exfoliation, we have flakes with regions 

having different thickness as measured by atomic force microscopy. The layer numbers 

can be assigned by dividing the total thickness to a single SL height (~1.4 nm) as shown in 

Fig. 7.3 b-d. We performed RMCD measurements on a series of flakes with thickness 

ranging from 4 to 8 SL as shown in Fig. 7.3e. The overall shape for each curve shows a B-

field dependent magnetization when the sample is tuned from AFM phase to cAFM and 

FM, eventually (Fig. 7.3a). Two major differences are observed between even and odd 

 
34 Refer to Appendices for details on RMCD experiments. 

Figure 7.3 Layer-dependent magnetic order in thin flakes of MnBi2Te4. a, Different 

magnetic configurations for MnBi2Te4 . b, Atomic force microscopy image of freshly 

exfoliated flake (with regions containing 6SL and 7SL). c and d, Height profiles across the 

step edges marked by colored arrows. e, Reflective magnetic circular dichroism (RMCD) 

measurements on freshly exfoliated flakes at 2K. f, Theoretical modeling for the magnetic 

response for total magnetization of 4 − 8 SL flakes. Adapted from REF 2, Copyright ACS. 
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layers. First, a pronounced hysteresis loops and significant remanent RMCD signal around 

zero field indicate the uncompensated magnetic moments in odd (5SL and 7SL) layers in 

the AFM state. For even (4SL, 6SL and 8SL) samples, the RMCD signals and hysteresis 

loops are vanishingly small, consistent with the zero net magnetization around zero 

magnetic field. The switching field (labeled by the arrows, red and blue) for the spin-flop 

transition (from AFM to cAFM phases) are different: ~1.8 T for even-layer samples and 

~3.8 T for odd-layer samples. Notice that these observations are qualitatively consistent 

with a recent report [30]. The larger H𝐶 for odd SL can be explained by the Zeeman energy 

of the uncompensated magnetization, which stabilizes the AFM state. Our theoretically 

modeling of magnetization vs applied magnetic fields well captures the odd-even layer 

dependent RMCD signal. Thus, we have demonstrated RMCD as a complementary and 

reliable method to distinguish the even and odd SL flakes. 
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7.3 The Interplay Between Magnetic State and Topological Order 

We then focus on investigation of the correlation between magnetic states and 

topological orders in both 5-SL and 6-SL MBT devices with back gate electrodes to tune 

the carrier density. The RMCD and transport data are plotted side-by-side in Fig 7.4. To 

be noticed, a back gate voltage (𝑉𝑏𝑔
0 ) is applied for these two devices to keep the fermi 

level within the bulk gap, which is confirmed from the analysis later. The RMCD signals 

of these devices after fabrication (Fig 7.4 a and d) are almost consistent with freshly 

cleaved flakes. For the 6SL-2 device, a tiny hysteresis loop together with a nearly vanishing 

signal is observed when the sample is in AFM state around zero magnetic field. It could be 

a result of uncompensated magnetization initiated by fabrication (similar behavior has been 

Figure 7.4 Correlation of magnetic order and topological properties of even- (6SL-1) and 

odd-layer (5SL-1) devices. RMCD signal (a and d), anti-symmetrized Hall resistance (𝑅𝑦𝑥, b 

and e) and symmetrized longitudinal resistance (𝑅𝑥𝑥, c and f) as a function of magnetic field at 

2 K for 6SL and 5SL devices, respectively. Adapted from REF 2, Copyright ACS. 
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reported on 2D layered AFM CrI3 [31]). Spatial dependence of RMCD is performed on 

this 6-SL device as shown in Fig. 7.5. We notice additional hysteresis transitions on both 

natural and pre-cut edges. On the other side (Fig. 7.4d), the odd-layer device (5SL-1) 

clearly shows an expected hysteresis loop centered around B = 0 T with remnant RMCD 

signals (~28% of the saturated magnetization in FM state). A spatial RMCD map at 0 T 

(inset of Fig. 7.4d) shows a uniform signal, suggesting large magnetic domains. The 

magnetic phases information is labeled at the bottom of the RMCD plot for each device in 

Fig. 7.4a and 7.4d. 

 

The transport data also shows rising points for the spin-flop fields which are 

consistent with the RMCD measurements. Note that the Hall resistance data have been 

anti-symmetrized while the longitudinal resistance have been symmetrized to remove the 

Figure 7.5 RMCD for selected spots of 6SL-1. a, optical image of device 5SL-1 and 6SL-

1 with spots marking the spatial locations of spectra (b - g). b – g, RMCD signals as a 

function of applied magnetic field at selected positions as indicated in a. Adapted from REF 

2, Copyright ACS. 
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mixing of the two components. The symmetrization and anti-symmetrization procedures 

are as the followings: 

𝑅𝑦𝑥
↑(↓)(𝐵) =

1

2
[𝑅𝑦𝑥

↑(↓)(𝐵) − 𝑅𝑦𝑥
↓(↑)(−𝐵)], 

𝑅𝑥𝑥
↑(↓)(𝐵) =

1𝑤

2𝑙
[𝑅𝑥𝑥

↑ (𝐵) + 𝑅𝑥𝑥
↓ (−𝐵)], 

where ↑ (↓) for field sweep up (down). 𝑤 and 𝑙 are the estimated width and length of the 

transport channel, respectively. For both devices, a Chern insulator (𝐶 = −1) is observed 

in the magnetic-field-induced FM state (𝐵 > 6 T) with a quantized Hall resistance 

(𝑅𝑦𝑥 = − ℎ
𝑒2⁄ ) and a vanishing longitudinal resistance (𝑅𝑥𝑥). As shown in Fig. 7.4b, in 

the AFM state of the even sample (6SL-1), 𝑅𝑦𝑥 is small while 𝑅𝑥𝑥 is large. Despite a 

nearly identical RMCD signal compared with freshly cleaved flakes, 𝑅𝑦𝑥 has a small 

hysteresis loop with a coercive field at lower magnetic field than the spin-flop value. 

From our spatially resolved RMCD spectra in Fig. 7.5, small hysteresis loops like that in 

𝑅𝑦𝑥 are observed for spectra taken at spots near the sample edges. This suggests 

contributions for the tiny hysteresis loop from imperfections near the edge of the device. 

The RMCD curve for the odd layer device (Fig. 7.4d for 5SL-1) is similar to that for a 

freshly cleaved flake (see Fig. 7.3f). Unexpectedly, in the AFM state (𝐵 < 𝐻𝐶  ~3.8 T), 

both 𝑅𝑦𝑥 and the hysteresis loop nearly vanish (Fig. 7.4 e) despite the uncompensated 

magnetic moment and pronounced hysteresis resolved by RMCD. In addition, 𝑅𝑥𝑥 (Fig. 

7.4 e) reaches a large value of about 7 ℎ/𝑒2. Our results suggest that the AFM state 

(|B| < HC) in both devices is a trivial magnetic insulator (𝐶 = 0) in which a small 𝑅𝑦𝑥 is 
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expected. We note that existing experimental works report different results regarding 

odd-even-layer-number devices [26–29]. This requires further investigation. 

 

7.4 Band Crossing and Topological Edge States During the Topological Phase 

Transition 

Then we study how the bulk electronic structure evolves as the magnetic state is 

tuned. First, we use microwave impedance microscopy ( MIM ) 35  to probe the local 

conductivity of the sample bulk region. As demonstrated in another even layer sample 

(6SL-2), the MIM tip is parked near the center of the flake (~4 um away from the sample 

edges). Fig. 7.6a shows the intensity plot of the MIM − Im signal, 𝜎MIM, as a function of 

 
35 Refer to Chapter 2 for details on MIM measurements. Importantly, MIM − Im characterizes the local 

conductivity. 

Figure 7.6 Probing band crossing during the topological phase transition and imaging of 

Chern gap in a 6 SL device. a, 𝑉𝑏𝑔 − 𝐵 maps of MIM − Im signal 𝜎MIM (a), bulk resistance 

𝑅bulk (b), longitudinal resistance 𝑅xx (e), Hall resistance 𝑅yx (f) and phase diagram of the 

topological transition (d). c, Selected data of 𝑅bulk at B = 0, 4.5 and 9 T, extracted from b. 

All for device 6SL-2. Scale bar is 2 um for the upper inset of (a) and 5 um for lower insets of 

(a) and (b). Adapted from REF 2, Copyright ACS. 
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back gate voltage and magnetic field. In addition, we measure the bulk resistance, a 𝑉𝑏𝑔 −

𝐵 map of 𝑅bulk, via transport using the configuration illustrated in the inset of Fig. 7.6b. 

A small AC voltage bias is applied between a pair of electrodes on the opposite of the Hall 

bar while grounding all other electrodes to eliminate edge conductions. The measured 

resistance from the two electrodes thus represents the sample bulk property. The two maps 

(𝜎MIM and 𝑅bulk) match well and demonstrate the robustness of our measurements on the 

bulk electronic properties. They both show resistive states at specific gate ranges both in 

the AFM (𝐵 < 2 T) and FM (𝐵 > 6 T) regimes, as shown as by the dark regions in the two 

maps. The fermi level of the bulk is tuned within the bulk energy gap in these resistive 

states, so a low (high) bulk conductance (resistance) is observed.  

To correlate the bulk electronic structure with the topological order, the 𝑉𝑏𝑔 − 𝐵 

maps of 𝑅𝑦𝑥 and 𝑅𝑥𝑥 are also measured and shown here (Fig. 7.6f and 7.6e). These four 

maps show striking similarities which suggest a correspondence between the bulk 

electronic structure during the magnetic-field-induced topological phase transition. 

Compared with the Hall measurements, the insulating gap feature in the AFM state 

corresponds to the trivial insulator state (𝐶 = 0), implying its trivial topological nature. In 

contrast, the highly insulating feature in the FM state coincides with the gate range in which 

the quantized 𝑅𝑦𝑥 and vanishing 𝑅𝑥𝑥 are observed (𝐶 = −1). Overlaying the contour of 

𝑅𝑦𝑥 at a threshold of 98% of − ℎ
𝑒2⁄  on all four maps displays an excellent correlation. The 

correlation marks the observation of the Chern insulator gap here. 
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To further support the Chern insulator state (𝐶 = −1), we performed a spatial MIM 

scan to image any topological edge conductions at 9 T with a temperature of 3 K. The scan 

range is shown in Fig. 7.7a which coves a sample edge with some metal contacts. The scan 

images are taken while the bulk carrier density is varied by the back gate. All scan images 

are calibrated using the metal-contact region as a high-conductance limit and the substrate 

region as a low-conductance limit36. With a small gate voltage, the sample is highly hole-

doped and a large bulk conductance is observed as can be seen as a uniform and white 

sample region (𝑉𝑏𝑔 = 15  V). When fermi level is tuned within the bulk energy gap 

 
36 See Chapter 2 for details on MIM analysis. 

Figure 7.7 Evolution of edge states in 6SL-2 as a function of gate voltage. a, Optical image 

of 6SL-2 device and MIM images to demonstrate the evolution of edge states. The scan range 

is indicated by the red box. Scale bar is 5 um for the optical image and 2 um for the MIM 

images. b, c, 𝑅𝑥𝑥 and 𝑅𝑦𝑥 of 6SL-2 as a function of gate voltage at 3 K and 9 T. Adapted from 

REF 2, Copyright ACS. 
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(𝑉𝑏𝑔 ~30 − 40 V), the bulk becomes highly insulating with a low conductance (dark). 

However, the edge conduction is always high (bright) which indicates the existence of a 

topological edge states. When a large gate voltage is applied (𝑉𝑏𝑔 = 65 V), the sample 

becomes electron-doped with a high bulk conductance restored. We notice some variation 

in the MIM-Im intensity map for the bulk regions which could be due to imhomogeneous 

local defect doping (the conductivity of upper bulk region is turned on before the lower 

part as can be seen in the scan at 𝑉𝑏𝑔 = 40 V of  Fig. 7.7a). Thus, the series of spatial scan 

images at different back gate voltages clearly demonstrate the formation of a robust 

topological edge conduction in the 𝐶 = −1 state. 

 Ther is a cAFM phase which connects the AFM trivial insulating state (𝐶 = 0) and 

the FM Chern insulator state (𝐶 = −1). From the 𝜎MIM and 𝑅bulk maps, the gate regime 

for the 𝐶 = 0 state starts to shrink when B increases above ~2 T. An incipient Chern 

insulator gap appears and increases (from Hall measurements, Fig 7.6e and 7.6f) with a 

conductive state separating the two regimes. As B increases, one part of the conduction 

band from the AFM phase splits off and moves toward the bulk valance band. Eventually, 

this band branch crosses the entirely band gap and merges with the bulk valance band at B 

~7 T in the FM phase. Meanwhile, the Chern insulator gap increases and eventually fully 

opens, accompanied by a gradually increasing 𝑅yx to the quantized value of −𝑅𝑦𝑥 and a 

decreasing 𝑅xx toward zero. The observation falls in the picture of band crossing process 

during a quantum phase transition which we draw a phase diagram in Fig. 7.6d. The canting 

of magnetic moment is responsible for the energy shift of the crossing energy band via 
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magnetic exchange interaction. We observe same band-crossing process in odd-layer 

devices with data shown in Fig. 7.8. Same analysis can be achieved.  

 

Figure 7.8 Band crossing during the 

topological phase transition in a 5-SL device. 

a, 𝑉𝑏𝑔 − 𝐵 maps of bulk resistance 𝑅bulk (a), 

longitudinal resistance 𝑅xx (b), Hall resistance 

𝑅yx  (c), respectively. A contour of 𝑅yx =

0.98 ℎ
𝑒2⁄  is overlaid for all three maps. Scale 

bar in the inset of (a) is 5 um. All data here are 

for device 5SL-1 at 2 K. Adapted from REF 2, 

Copyright ACS. 
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Finally, we investigate the temperature dependence of the band crossing process 

and Chern insulator gap. Example data are shown for the 6SL-2 device (Fig. 7.9). The Néel 

temperature (TN) below which the magnetic order starts to develop is determined to be 

around ~23 K (shown in Fig. 7.11). Fig. 7.9a shows the 𝑅𝑦𝑥  and 𝑅𝑥𝑥  at selected 

temperatures. 𝜎MIM and 𝑅𝑏𝑢𝑙𝑘 are shown in Fig. 7.9b and 7.9c. The correspondent spin-

flop B-field above which the band crossing process starts is changing to higher values as 

can be seen by a gradual shift of the overall patterns at these temperatures. For example, at 

30 K, the splitting of the conduction band starts at a higher B field. At 9 T, the crossing 

band touches the bulk valance band without a complete merge. A close-to-quantization 

region is observed in which 𝑅𝑦𝑥~0.9 ℎ
𝑒2⁄  and 𝑅𝑥𝑥 remains low (see transport data at 30 

K in Fig. 7.9a), indicating the persistence of the chiral edge state. At 40 K, the close-to-

Figure 7.9 Temperature dependence of the band crossing and Chern insulator state. a, 

Longitudinal resistance 𝑅xx and Hall resistance 𝑅yx as a function of gate voltage at B = 9 T and 

selected temperatures. Corresponding 𝑉𝑏𝑔 − 𝐵  maps of MIM − Im  signal 𝜎MIM  (b), bulk 

resistance 𝑅bulk (c). All data are from device 6SL-2. Adapted from REF 2, Copyright ACS. 
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quantization region shrinks further with a maximum 𝑅𝑦𝑥~0.8 ℎ
𝑒2⁄  with a barely touched 

crossing band at 9 T. To visualize the edge state evolution, we perform MIM line-scan 

across a sample edge as indicated by the arrow in Fig. 7.10 at 9 T at different temperatures. 

As the gate voltage changes the conductance of bulk region, the contrast between sample 

edge and bulk shows up when fermi level is tuned within bulk energy gap. This contrast 

gradually decreases when temperature is increased. Same as our analysis from the 𝑅𝑦𝑥 at 

different temperatures. The large Hall angle 𝑅𝑦𝑥/𝑅𝑥𝑥 at temperatures above 𝑇𝑁 is similar 

to a recent report [29], which is consistent with the observed incipient but not fully 

developed Chern insulator gap. For T = 50 K and above, 𝑅𝑦𝑥 significantly deviates from 

the quantized value and the crossing branch is completely detached from the bulk valence 

band at 9 T. The contrast between the edge and bulk regions are hard to resolve.  
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Figure 7.10 Temperature dependence of MIM-Im line scans at B = 9 T in device 6SL-2. 

Line-scan images at selected temperatures along the direction indicated by the arrows in the 

optical image (left). At each temperature, repeated line scans are performed (x-axis as the 

spatial position) while the gate voltage is varied (y-axis). Scale bars: 2 um. Adapted from REF 

2, Copyright ACS. 
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Our results suggest that below the Néel temperature, the FM ordered magnetic 

moments induce a large exchange interaction in a conduction sub-band, which fully crosses 

the bulk valance band at high field (above 7 T), leading to a robust Chern insulator gap. 

While the long-range ordering of Mn moments disappears at temperatures slightly above 

Néel temperature, sufficiently large magnetic field can still align these Mn moments to 

introduce an incipient Chern insulator state, albeit one much weaker that the state existing 

below the Néel temperature. To achieve a comprehensive understanding of the topological 

physics in this new Chern magnet, it is necessary to combine measurements of local and 

bulk electronic properties with a careful examination of the magnetic states. With a 

multitude of possible topological phases and magnetic orders in MnBi2Te4, our work paves 

Figure 7.11 Determination of Néel temperature TN from transport measurements. a-d, 

Longitudinal resistance 𝑅xx as a function of temperature for all the devices (labeled). Kinks 

around 21-23 K indicate the transition temperature from paramagnetic to antiferromagnetic 

state. e, 𝑅xx  for as a function of temperature and back gate voltage for device 5SL-3. f, 

Temperature dependent 𝑅xx extracted at the charge neutral point as indicated by the dashed 

line in (e). All data are taken at 0 T. Adapted from REF 2, Copyright ACS. 
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the way toward a full realization of their potential as a platform to study topological phase 

transitions and to engineer Chern numbers in Chern insulators via external control knobs. 
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Chapter 8 Outlook 

 In conventional MIM study of 2D materials, tip “talks” to the sample through 

microwave radiation since all the protective capping layers are “transparent” (very 

insulating). There lacks a top gate electrode, and the only tuning parameter is the carrier 

density for the sample besides temperature and magnetic field. In Chapter 6, we report a 

newly designed experimental setup which enables us to employ a new tuning parameter—

electric displacement field. The system we want to study is a dual-gate device and an 

electric displacement field can be used to tune the relative energy bands in the different 

layers (see Fig. 8.1). Two independent parameters can be tuned, the total carrier density 

and the applied displacement field. An example is the Mott insulating state will be observed 

as a continuous line feature (fixed carrier density).  

In this device with a metallic top gate, we use monolayer graphene with reduced 

conductivity compared to bulk metal or thick graphite layers. An external magnetic field 

can be applied to further reduce the conductivity. Microwave electric field can penetrate 

this “semi-transparent” top graphene layer and the impedance contribution of the sample 

could be probed. Then a MIM map of the sample will be measuring the impedance with 

contributions from both the top graphene and the buried sample. An expected data will be 

shown in the right panel of Fig. 8.1. Since the carrier density of the top graphene layer is 

determined by the top gate voltage and the chemical potential of the sample, we could 

predict that the LLs (when B field is applied) will primarily depend on the top gate voltage 

since the change of chemical potential of sample is small compared with top gate voltage. 

Thus, it should be easy to distinguish two contributions of impedance and then one can 
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focus on effect that the applied electric field brings to the sample. One straightforward 

example is to check whether this applied displacement field could cause any modulation 

of the moiré potential. In this way, the correlation strength could be tuned to see if a metal-

to-insulator transition exists. 

 

 

  

 

Figure 8.1  Dual-gate device structure for MIM study. Left, a dual-gate WS2/WSe2 moiré 

superlattice. Specifically, we use a monolayer graphene as the top gate material. Right, the phase 

diagram (carrier density and displacement field) for the dual-gate moiré superlattice. Landau 

levels (LLs) will form in the graphene and show as vertical lines (see analysis  in the maintext). 




