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Designing Energy Materials via Atomic-resolution 

Microscopy and Spectroscopy 

Stephen J. Pennycook 

Department of Materials Science and Engineering, Faculty of Engineering, National 

University of Singapore, 117575, Singapore 

In recent years, the sensitivity of the electron microscope for imaging and spectroscopy 

has dramatically improved due to aberration correction, greatly assisting the correlation 

of atomic-scale structure and bonding to materials’ properties. Trial and error materials’ 

development is increasingly being replaced by atomic scale engineering, informed by 

the powerful combination of microscopy and theoretical calculations.  

In catalysis for example, it has become almost routine to image single atoms and probe 

their coordination by spectroscopy, greatly aiding the development of so-called single 

atom catalysts (SACs). Their unique coordination can impart exceptional activity and 

selectivity, and much effort is ongoing to replace platinum group metals by cheaper, 

earth abundant metals such as cobalt or nickel. One example is the synthesis of 

graphene-supported cobalt SACs with a tunable high loading using atomic layer 

deposition that show exceptional activity and selectivity for the hydrogenation of 

nitroarenes to azoxy aromatic compounds.[1] Single Co atoms are visible in the Z-

contrast image, and electron energy loss (EEL) spectra from them show that whenever 

Co is detected, so also is O; theory then shows that these proximal O atoms expose 

partially-filled Co-d orbitals, resulting in the excellent catalytic activity. Another 

example of a cobalt SAC uses porous nitrogen-doped carbon nanoflake arrays as 

support. These SACs show a lower oxygen evolution reaction (OER) overpotential and 

higher oxygen reduction reaction (ORR) saturation current than Co nanoparticle 

catalysts, showing that Co metal clusters are actually redundant for both the OER and 

ORR reactions.[2] The well-dispersed Co single atoms are the active sites, attached to 

the carbon network through N−Co bonding. The electrocatalyst was used as the air 

cathode in a solid-state Zn−air battery, achieving good cycling stability (2500 min, 125 

cycles) and a high open circuit potential (1.411 V).  

Single atom sensitivity is also important for developing thermoelectric materials. 

Whereas nanostructuring has been well appreciated, recently the key role of interstitials 

and interstitial clusters on thermal and electrical transport properties has also been 

elucidated.[3] In piezoelectrics, gradual atomic-scale polarization rotation among co-

existing phases has been recently found in lead-free piezoelectrics,[4] a feature that 

seems common to all high-performance piezoelectric systems at phase boundaries. 
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Molecular systems carry intriguing intrinsic functionalities that often come along with 

complex and dynamic structures. Here we present applications of high-resolution 

characterization by scanning tunnelling microscopy (STM) and atomic force 

microscopy (AFM) in ultra-high vacuum revealing structural details of biological 

relevant systems such as peptides as well as of reactants and products involved in on 

surface reactions. To be able to fabricate and image highly pure samples we employ 

Electrospray Ion Beam Deposition (ES- IBD) and an ultra-high vacuum suitcase to 

transfer the samples insitu into the low temperature scanning probe microscopes. 

We can trigger a desulfurization reaction by the electric field confined in the tunnel 

junction of a scanning tunnelling microscope. The precise control of the external 

stimulus allows resolving the elementary reaction steps of this direct desulfurization 

process. An atomically precise reconstruction of the reactant and product was possible 

with the help of density functional theory calculations [1]. 

The Reichardt’s dye molecule undergoes fragmentation reactions on a Cu surface. 

High resolution STM and AFM images clearly reveal the structure of the reactants, 

present on the surface after soft-landing, and reacted products created by thermal 

treatment or after an impact in the hyperthermal energy regime (5-100 eV) during ES-

IBD. Our analysis allows the extraction of abundances as a function of collision energy, 

which hints towards a reaction mechanism in which the kinetic energy of the collision 

directly drives the reaction. As a consequence, we observe products that cannot be 

reached through thermal routes, which makes ES-IBD a unique tool for novel 

chemistry [2]. 

Combing ES-IBD with low temperature STM even allows determining under well 

controlled conditions structural properties of biologically relevant macromolecular 

systems like peptides. We investigate the self-assembly of peptides on surfaces and 

probe the interaction between specific amino acids at sub-molecular length scales. Our 

results show, how specific changes of the sequence can influence the self-assembly 

pattern due to the high conformational freedom of these molecular systems. 

[1] B. Borca, T. Michnowicz, R. Pétuya, M. Pristl, V. Schendel, I. Pentegov, U. Kraft, H. Klauk, P. 
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Surfaces functionalized with helicenes are also of interest for chiroptical electronic 

devices or for electron-spin filtering. While self-assembled layers facilitate studying 

interesting phenomena, covalently linked chiral modified materials would be much 

more robust and therefore better suited for applications. 

We report the stereoselective chemistry of different helicene species on noble metal 

surfaces. The stereochemical analysis of diastereoisomers formed on the surface is 

performed by scanning tunneling microscopy (STM). The Ullmann coupling reaction 

of 9-bromo[7]helicene proceeds with a high probability for heterochiral product, 

while homochiral products are favoured in C-C coupling dimerization and 

trimerization of 2- bromo[4]helicene and 2,3-dibromo-[4]helicene (Fig. 1). The 

diastereoselective chemistry is explained by topochemical effects due to the surface 

alignment of the helicenes during reaction. 

 

Fig. 1. STM image of homochiral tris[4]helicene (trisphenanthro[3,4; 3’,4’; 3”,4”– 

b,h,n]triphenylene) after Ullmann coupling of dibromo[4]helicene. Each molecule is surrounded by 

bromine atoms green dots) that were released in the C-C coupling reaction. 
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The Molecule-2D Interface 

Andrew Wee 

National University of Singapore, Singapore 

phyweets@nus.edu.sg 

In this talk, Prof. Wee will introduce the research at the Surface Science Laboratory at 

NUS. In particular, he will present some recent work on the molecule-2D interface. In 

our laboratory, we use high resolution scanning tunneling microscopy/spectroscopy 

(STM/STS) and non-contact atomic force microscopy (nc-AFM) to study the atomic 

structure and local electronic properties of 2D graphene and transition metal 

dichalcogenides (TMDs) monolayers, e.g. MoS2, WSe2, MoSe2. Using monolayers of 

adsorbed organic molecules, we demonstrate the surface transfer doping of epitaxial 

graphene and TMDs. We also investigated the fabrication and electronic properties of 

a lateral doped/intrinsic heterojunction in 2D WSe2, partially covered with a molecular 

acceptor C60F48. Recent results of the self-organisation of DAP molecules on MoSe2 

(Fig. 1) will also be introduced. Our work shows the use of organic-2D hybrid 

heterointerfaces is a promising approach to manipulate the electronic properties for 

flexible and wearable applications. 

 

Fig. 1.  High resolution STM image of MoSe2 
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Properties of Monolayer Vanadium Dichalcogenides 
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Layered transition metal dichalcogenides (TMDCs) exhibit a wide range of electronic 

and many body properties, making them exciting materials for studying fundamental 

properties in the 2D-materials limit and/or to combine them into van der Waals 

heterostructures. In this talk we discuss the synthesis of monolayer TMDCs by van der 

Waals epitaxy and their characterization by mainly scanning tunneling microscopy 

(STM) and angle resolved photoemission spectroscopy (ARPES). Here we focus on the 

layer dependent variations of the properties of VSe2 [1] and VTe2. For both materials 

we observe a charge density wave (CDW) behavior in the monolayer limit compared 

to their bulk properties. From ARPES and DFT we can also show that CDW competes 

with ferromagnetic ordering in monolayer VSe2 [2]. In VTe2 we observe a structural 

transition from a distorted-1T structure in the bulk to a simple hexagonal 1T structure 

in the monolayer. This structural transition is accompanied by a CDW instability for the 

monolayer that gives rise to a 4x4 CDW at low temperatures, in contrast to bulk VTe2 

that does not exhibit a CDW instability. 

 

[1] M Bonilla et al. Strong room-temperature ferromagnetism in VSe2 monolayers on van der Waals 

substrates. Nat. Nanotechnol. 13, 289 (2018).  

[2] P Coelho et al. Charge Density Wave State Suppresses Ferromagnetic Ordering in VSe2 Monolayers. 

J. Phys. Chem. C in press. 

  



Many-body physics in real space 

Werner A Hofer and Thomas Pope 

School of Natural and Environmental Sciences 

Newcastle University 

For the last eighty years it has been the conventional wisdom in condensed matter 

theory that systems of N electrons have to be described by a mathematical framework 

involving 3N coordinates and a many-electron wavefunction of the same complexity. 

However, as established in our work in the last eight years [1-3], such a framework is 

not only unnecessary, but also extremely inefficient. We show that general many-

electron systems can be described in real space by two density functions, which 

combine to an effective wavefunction of three, instead of 3N coordinates. Spin in this 

model is described by a complex vector field, which encodes the spin properties of 

electrons in an elementary manner. The method has been implemented in the routines 

of a standard density functional theory code and is shown to yield the same level of 

accuracy as our best Kohn-Sham methods today. In the final part of the talk we 

demonstrate that this level of description is in itself an approximation, and we derive a 

four component model which we think represents correlated electron systems in an 

exact manner. 

[1] Werner A Hofer, Unconventional Approach to Orbital-Free Density Functional 

Theory Derived from a Model of Extended Electrons, Foundations of Physics, 41, 

754-781 (2011). 

[2] Thomas Pope and Werner Hofer, Spin in the extended electron model, Frontiers of 
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body problem and a proof of principle for small atoms and molecules, Frontiers of 

Physics 14, 23604 (2019). 
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The higher pyrazinacenes are a newly synthesized class of molecules which may take an 

important role in organic semiconductors. This is due to their expected n-type behaviour 

which complements to the already important p-type pentacene derivatives with their closely 

related molecular structure. We report on the supra-molecular interactions and self-

assembly of octaazatetracene and decaazapentacenes, two different lengths molecules in 

this class. On atomically clean Cu(111) the initially achiral compounds take a chiral 

conformation upon adsorption. Both compounds are imaged individually and form 

structurally related chains. Dehydrogenation occurs upon thermal activation as recognized 

by its stronger adsorption in the form of individual units. This on-surface reaction is 

compared to the dehydrogenation in solution. Experimental evidence is provided by 

Scanning Tunneling Microscopy and X-ray Photoelectron Spectroscopy. 

 

 

Fig. 1. Putting more ‘N’s in pentacene. Octaazatetracene and decaazapentacene chromophores have 

been successfully synthesized and their self-assembly and other properties studied. By scanning 

tunneling microscopy, self-assembly and disassembly of molecular nanowire structures is coupled with 

the oxidation state of the oligoazaacene molecules. 



 Flat Band, Magnetism and Topological Properties of 

Kagome Lattices 

Changgan Zeng 

University of Science and Technology of China 

Based on the electronic band theory, various exotic band structures can be realized by 

proper design of the lattice structures. For example, Dirac band hosting massless 

fermions and flat band hosting superheavy fermions are expected to be established in 

the kagome lattices. In this talk, I will present our recent progresses on the flat band, 

ferromagnetism, and topological properties in Fe-based kagome compounds. 

Collectively, these findings help to shed new light on the exploitation of emergent 

physics in the nontrivial lattice geometries by design. 

  



Engineering Correlated Physics in Two-Dimensional Moire 

Superlattices 

Feng Wang 

University of California, Berkeley 

Van der Waals heterostructures of atomically thin crystals offer an exciting new 

platform to design novel electronic and optical properties. In this talk, I will describe a 

general approach to engineer correlated physics using moire superlattice in two 

dimensional heterostructures. One example is the tunable Mott insulator realized in the 

ABC trilayer graphene (TLG) and hexagonal boron nitride (hBN) heterostructure with 

a moiré superlattice, where the moiré leads to narrow electronic minibands and allows 

for the observation of gate-tunable Mott insulator states at 1/4 and 1/2 fillings. In 

addition, signatures of superconductivity are observed at low temperature near the ¼ 

filling Mott insulator state in the TLG/hBN heterostructures. Another example is the 

WS2/WSe2 heterostructure, where the moire superlattice leads to flat exciton subbands 

and emerging excitonic transitions. 

 

 

 

 

 

 

 

 

 



Growth of well-aligned Nano/Microwires for flexible 

photodetectors and image sensors 

Guozhen Shen 

State Key Laboratory for Superlattices and Microstructures, Institute of 

Semiconductors, Chinese Academy of Sciences, Beijing 100083, China  
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As one of the most important flexible electronic devices, flexible photodetectors have 

gained great research interests in recent years due to their potential applications in 

flexible image sensors, artificial intelligent, and smart homes. With large surface area, 

special geometry and quantum effect, one-dimensional (1D) semiconducting 

nanostructures are thought to be excellent candidates for high performance flexible 

photodetectors. In this talk, we will briefly introduce our recent work on developing 

high performance flexible photodetectors and image sensors using 1D semiconductor 

nanostructures. We will start our talk from single nanowire devices, followed with the 

procedures to improve the performance of nanowire devices, including using 0D-1D 

heterostructures, and nanowires arrays, etc. By forming flexible photodetectors arrays, 

we then fabricated flexible image sensors response to lights with different wavelength. 

An interesting artificial flexible visual memory system was also developed by 

integrating microwire PDs with oxide memristor. 

 
 

References 

[1] S. Chen, Z. Lou, D. Chen,* G. Shen,* Adv. Mater. 2018, 30, 1705400. 

[2] L. Li, Z. Lou, G. Shen,* Adv. Funct. Mater. 2018, 18, 1705389. 

[3] L. Li, L. Gu, Z. Lou, Z. Fan,* G. Shen,* ACS Nano, 2017, 11, 4067. 



Precise Synthesis of 2D Atomic Crystals @ Liquid Metal 

Fu Lei1, * 

1 College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072 

*Corresponding author & presenter: leifu@whu.edu.cn 

Due to the confinement of the charge, spin, and heat transport in the plane, two-

dimensional (2D) atomic crystals have been demonstrated to own many unique and 

excellent properties and witnessed many breakthroughs in physics. However, a 

bottleneck to widespread applications is precise and reliable fabrication of 2D atomic 

crystals. As compared to traditional solid metal catalysts, the emergence of liquid metal 

catalysts has brought a brand-new perspective and contributes to a huge change and 

optimization in the fabrication of 2D atomic crystals. Here we report our recent work 

on precise synthesis of 2D atomic crystals on liquid metals. The atoms in the liquid 

metal tend to move intensely and arrange in an amorphous and isotropic way. The liquid 

surface is smooth and isotropic, and the vacancies in the fluidic liquid phase enable the 

embedding of heteroatoms. The phase transition from liquid to solid will facilitate the 

unique control of the mass-transfer path, which can trigger new growth mechanisms. 

On the other hand, the excellent rheological properties of liquid metals allow us to 

explore self-assembly of the 2D atomic crystals grown on the surface, which can 

activate new applications based on the derived collective properties, such as the 

integrated devices. 

Key words: 2D atomic crystals; precise synthesis; liquid metal; CVD 
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Spintronic devices based on graphene nanoribbons 
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The realization of spintronic devices relies on the precise strategy to embed individual spins into 

electrical circuits, and on the existence of efficient electron-spin interaction enabling writing and 

reading information. Graphene and graphene nanoribbons are ideal systems for realizing such 

functions as they can act as electrodes with high electron mobility and structural stability, and they 

can even be magnetic sources themselves.  

In the first part of my talk, I will summarize our last results about the construction and magnetic 

characterization of a fully functional hybrid molecular system composed of a single magnetic 

porphyrin molecule bonded to graphene nanoribbons [1, 2].  These systems are created through 

on- surface synthesis route on an Au(111) substrate. By means of inelastic tunneling spectroscopy, 

we prove the survival of the magnetic functionality of the contacted porphyrin. Furthermore, we 

show that the spins of magnetic porphyrin in such a hybrid system can be electrically addressed in 

the transport measurements.  

 Predictions also state that graphene structures with specific shapes can spontaneously develop 

magnetism driven by Coulomb repulsion of π-electrons, so they can behave as functional 

components in spintronic devices. In the second part of my talk, I will show our recent work on the 

observation and manipulation of magnetic moments in graphene nanostructures [3]. Using scanning 

tunneling spectroscopy, we detect the presence of electron spins localized around certain zigzag 

sites of the nanostructures. I will also show that in the follow-up experiments, the exchange coupling 

between localized spins can be engineered by precise controlling over the size and edge topology 

of the nanostructure, which can be used as spin filters.  

 

 

 

 

 

 

Figure: Fusing magnetic porphyrine into chiral (3,1) graphene nanoribbons. 
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Nanostructuring graphene from 0D to 2D 

Aitor Mugarza Ezpeleta 

Catalan Institute of Nanoscience and Nanotechnology  

Nanostructuring graphene confers multiple functionalities to this material, making it 

attractive to very diverse applications in electronics, molecular sensing and filtering. 

For instance, semiconducting gaps can be induced by reducing its dimensions to the 

nanometer scale, whereas introducing pores of similar sizes turns impermeable 

graphene into the most efficient molecular sieve membrane. In both cases, the 

interesting scale for applications is below 3-5 nm, a regime where bottom-up synthesis 

can be particularly efficient. 

 

Here I report different on-surface methods to grow graphene quantum dots with 

controlled shape and edge structure (1, 2), periodic arrays of nanoribbons with lengths 

exceeding 100 nm (3, 4), and nanoporous graphene sheets that combine 1nm size 

ribbons and pores (5). Their novel electronic states are correlated with the particular 

atomic structures by using STM. Their potential application in devices is illustrated by 

gate modulated transport measurements in nanoporous graphene sheets.  
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Graphene provides an ideal platform to create materials with diverse electronic 

properties by rational control of its nanoscale structure. Quantum confinement effects 

can be exploited in strictly planar 2D (e.g. porous graphen) or 1D (graphene nanoribbon 

GNR) graphene structures. However, in order to achieve well defined electronic 

properties with high electron motilities the nanostructures need to be synthetized with 

atomic precision[1]. 

Very recently, it has been found theoretically that localized zero energy modes can be 

obtained at the junctions of topologically dissimilar graphene nanoribbons (GNR)[2]. 

We have experimentally realized such GNR junctions using on-surface synthesis, i.e. 

by the polymerization of molecular precursors rationally designed to yield the desired 

final GNR on single crystal surfaces. By creating well defined periodic sequences of 

these topological electronic modes, one-dimensional electronic bands can be created, 

which are described by the Su-Schrieffer-Heeger (SSH) Hamiltonian representing the 

dimerized atomic chain [3]. By manipulating the intra- and inter-cell coupling strength 

we could further create SSH analogs with different Chern number and therefore 

topological class. The topological class distinction is evidenced by presence, 

respectively absence of zero energy end states at the termini of the corresponding GNR 

or their junctions to structurally dissimilar GNRs.      

We will discuss the concept of topological boundary states in GNR junctions and the 

creation of 1D SSH-type electronic bands by their periodic arrangement on a host GNR. 

The theoretical basis of attributing Z2 topological invariants to these structures will be 

discussed. We then present the experimental synthesis of different structures exhibiting 

different topological classes. The structural characterization and atomic precision of 

these GNR was achieved by low-temperature scanning tunneling microscopy (STM) 

and high resolution non-contact atomic force microscopy (nc-AFM) [3]. The electronic 

properties are elucidated by scanning tunneling spectroscopy (STS), where we invoke 

the bulk-boundary correspondence to determine the topological properties.  
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Two-dimensional (2D) van der Waals materials may be stacked layer by layer and thus 

allow for the realization of unprecedented properties of condensed matter systems. This 

perspective relies on the availability of inert 2D materials, where boron nitride is 

expected to play the first violin. 

I will report on our recent progress on the exfoliation of centimeter sized single 

orientation, single layer boron nitride from its metal growth substrate [1]. To 

demonstrate the quality of the material on a large scale, it was employed as a packing-

layer to protect a germanium wafer from oxidation in air at high temperature. A second 

set of experiments involved the nanoscale engineering of the h-BN layer with the “can 

opener effect” [2] prior to the transfer. This allowed the realization of boron nitride 

membranes with 2 nm voids, across which we measured ion transport in aqueous 

solutions [1]. 

 
Fig. Boron nitride on a Rh(111) surface functionalized with hydrocarbons. (Density functional theory 

results by Tocci and Iannuzzi, UZH [3].) 

 

The new BN exfoliation process involves in the first step the application of 

tetraoctylammonium (TOA) from a water free electrochemical reaction with the h-

BN/Rh(111) substrate before the standard hydrogen bubbling. With high-resolution x-

ray photoelectron spectroscopy, atomic force microscopy and density functional theory 

we identify the proximity of the metal substrate to enable covalent functionalization of 

h-BN with TOA constituents [3].   
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Exploring efficient and low cost oxygen electrocatalysts for ORR and OER is 

critical for developing renewable energy technologies like fuel ce lls, metal-air 

batteries, and water electrolyzers. This presentation will presents a systematic 

study on oxygen electrocatalysis (ORR and OER) of transition metal spinel 

oxides. Starting with a model system of Mn-Co spinel, the presentation will 

introduce the correlation of oxygen catalytic activities of these oxides and their 

intrinsic chemical properties. The catalytic activity was measured by rotating 

disk technique and the intrinsic chemical properties were probed by 

synchrotron X-ray absorption techniques. It was found that molecular orbital 

theory is able to well-explain their activities. The attention was further 

extended from cubic Mn-Co spinels to tetragonal Mn-Co spinels and it was 

found that the molecular theory is again dominant in determining the catalytic 

activies. This mechanistic principle is further applied to explain the ORR/OER 

activities of other spinels containing other transition metals (Fe, Ni, Zn, Li, and 

etc.). The talk further gives insight on surface reconstruction on spinel oxides 

and how the bulk properties affect such reconstruction during OER.  

 

Fig. 1. A simple demonstration of spinel structure, the activity descriptor, and bulk thermodynamics 

determined surface reconstruction. 
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Control of oxygen vacancy and redox dynamics are of great interest in functional oxides 

for enormous practical applications, such as fuel cells, batteries, sensors, smart 

windows, etc. In situ examination of oxygen redox dynamics is a key technique to gain 

direct information for understanding the reactive mechanisms and the surface catalytic 

principles. However, the room temperature chemical redox dynamics are limited by the 

catalytic surface potential that results in the irreversible atomic process. Our directly in 

situ observation of the nonvolatile nano-scale expansive and contractive topographic 

deformations using electrochemical strain microscopy technique provides a platform 

for understanding the room temperature chemical dynamics nature. The deformations 

are attributed to oxygen vacancy dynamics that the oxygen vacancies can be reversibly 

injected into and pumped out rapidly at room temperature from PrBa1-xCaxCo2O5+  

film by bias tip potential. This is the first time to validate the ultrafast, reversible, and 

reproducible topographic deformations in the complex oxide system at the standard 

atmosphere condition. Our finding may pave a new way for material genetic designs 

and novel material multifunctionality manipulations. 
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In this talk, I will present a few recent advances from my group, centering on 

exploration of semiconductor based colloidal nanostructures as spin quantum bits. I will 

particularly focus on optical spin measurement and control of this emerging class of 

colloidal nanostructures. Development of emerging colloidal hybrid nanostructures and 

their assembly make it feasible to achieve desirable integration of multiple 

functionalities in one single nanoscale unit to create novel synergistic interactions. By 

combining ultrafast optical spectroscopy with this new materials advance, precise 

control of quantum optical interactions can thus be achieved at the nanoscale, including 

spin coherence dynamics. This has further led to all optical spin manipulation and spin 

echo achievable in colloidal semiconductor nanostructures, uncovering microsecond 

long spin coherence lifetime for the first time. Observation of long spin coherence 

lifetime should pave the way to develop colloidal quantum bits as an alternative to the 

existing candidates. If time allowed, application of such colloidal spin quantum bits 

will also be presented, including development of colloidal central spin system for 

probing many body physics. 
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Can Ferroelectrics get along with metallicity? 
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Ferroelectric (FE) distortion in a metallic state has long been thought experimentally 

inaccessible because itinerant electrons screen the long-range Coulomb interactions 

that favor a polar structure. In 1965, Anderson and Blount [1] hypothesized that 

ferroelectricity can appear in a metal if the electrons at the Fermi level is decoupled to 

the unstable phonon which results in the FE transition. Such a FE metal would require 

a continuous structural transition accompanied by the removal of an inversion center 

and the emergence of a unique polar axis. A breakthrough has been achieved with the 

recent discovery of LiOsO3, which has been identified as a clear example of a FE-like 

metal [2]. Furthermore, it is possible to create interface with polar metal phase [3-5] 

and even magnetic polar metal phase [6] through fabrication of oxide heterostructures.  

In this talk, I will discuss our recent studies on the bulk polar metal LiOsO3 with Ramen 

scattering [5]. we reveal an unusual 2nd-order order-disorder type FE phase transition 

with the participation of itinerant electrons in LiOsO3. Recognizing that the interplay 

between FE dipoles and itinerant electrons is essential to understand this unusual 

transition. we suggest that the weak coupling between itinerant electrons and the FE 

distortion, originally proposed by Anderson and Blount [3], may not be an essential 

prerequisite for searching for polar/FE metals.  
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Majorana bound states (MBSs) are spatially-localized zero-energy fractional quasiparticles with 

non-Abelian braiding statistics that hold great promise for topological quantum computing. By using 

scanning tunneling microscopy/spectroscopy (STM/STS), here we report the observation of MBSs 

in a single material platform of high-Tc iron-based superconductors, FeTe0.55Se0.45, which combined 

advantages of simple material, high- Tc, and large ratio of Δ/EF. We observed a sharp zero-bias peak 

inside a vortex core that does not split when moving away from the vortex center. The evolution of 

the peak under varying magnetic field, temperature, and tunneling barrier is consistent with the 

tunneling to a nearly pure MBS, separated from nontopological bound states [1]. We further 

investigated the MBS and observed a conductance plateau feature, which is protected by the 

Majorana particle-hole symmetry [2]. The observations not only prove a strong evidence of MBSs 

in this iron-based superconductor, but also offer a single-material platform for Majorana braiding at 

relatively high temperature. 
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Quantum electrodynamics predicts that heavy atoms (Z>Zc ~170) will undergo the 

process of atomic collapse where electrons sink into the positron continuum and a new 

family of so-called collapsing states emerges. This phenomenon has never been 

confirmed experimentally. The wonder material graphene has made it possible to 

investigate1 similar physics in two dimensions using vacancies with tunable charge 

where the ‘atomic’ collapse occurs at a much lower critical charge (Zc ~1). 

The transition from sub-critical to the supercritical regime is accompanied by trapping 

of electrons in quasi- bound states which are the condensed matter analogue of the long 

sought after phenomenon of atomic collapse in super-heavy nuclei. The quasi-bound 

electron-states show up as a strong enhancement of the density of states within a disc 

centered on the vacancy site. We find that these states are surrounded by a circular halo 

of hole states which are interpreted as the analogue of positron production in atomic 

collapse. We further show that the quasi-bound states at the vacancy site are gate 

tunable and that the trapping mecanism can be turned on and off, providing a new 

paradigm to confine, control and guide electrons in graphene. 

Recently2, we found that a sharp STM tip is able to induce similar atomic collapse states 

(see Fig. a). For large tip potentials a sub- micrometer scale p-n junction is induced that 



exhibits whisper gallery modes (see Fig. b). Thus, the STM tip allows us to tune a 

circular p-n junction in graphene from quantum confinement to optical guiding.  

We realized3 a periodic buckling structure of a single graphene layer. Because of the 

periodic strain the electrons are subject to a periodic pseudomagnetic field that does not 

break time reversal symmetry. Through a detailed STM spectrum mapping and tight 

binding calculations, we reveal the possibility of generating a robust flat band. This 

buckling method should enable us to design flat bands with different superlattice 

symmetry which is inaccessible by the moiré superlattices method that was recently 

realized for magic angle twisted bilayer graphene4. 
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2D semiconductors, such as transitional metal chalcogenides and black phosphorus, 

have attracted considerable attention due to fascinating physical properties a wide range 

of applications in valleytronics, optoelectronics and superconductivity. The interlayer 

interaction is particularly important in both homogenous few-layer systems and 

heterogeneous structures formed by “lego” fashion, which underpins the foundation for 

rational engineering towards unprecedented functionality. In this talk, I will introduce 

our work on unique interlayer charge transfer mechanism in 2D semiconductor 

monolayer heterostructures leads to an interesting blinking phenomenon, whereby a 

bright state emission occurs in one monolayer while a dark state emission occurs in the 

other, and vice versa. Such correlated blinking can be probed in detail by steady-state 

and transient spectroscopy measurements, which uncovered an ultrafast charge transfer 

process ~ 120 fs, providing new platform to study the long-standing puzzling blinking 

phenomenon in nanomaterials. Secondly, I will present how the charge transfer by a 

gate modulation breaks the symmetry in a bilayer sample such that a charge-induced 

second harmonic generation is produced, due to a confined charging in W-atomic plane 

and a screening effect. This bilayer system can be further modulated by introducing 

plasmonic structures, from which an ultrafast plasmonic hot carrier injection (~ ps) can 

lead to symmetry breaking, as such a second harmonic generation is produced. Our 

study creates opportunity for the ultrafast all-optical control of SHG in an all-optical 

manner that may enable a variety of applications. 
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Two-dimension (2D) transition-metal dichalcogenides (TMDs) have recently provided 

a rich source of research opportunity, revealing interesting physical phenomena 

including quantum-spin Hall effect (QSH), valley polarization, 2D superconductivity, 

and potential applications for functional devices. Here, we demonstrate that molten salt-

assisted chemical vapor deposition can be broadly applied for the synthesis of a wide 

variety of 2D TMDs [1]. We demonstrate the synthesis of 47 compounds, including 32 

binary (Ti-, Zr-, Hf-, V-, Nb-, Ta-, Mo-, W-, Re-, Pt-, Pd- and Fe-based), 13 alloys 

(including 11 ternary, 1 quaternary and 1 quinary), and 2 heterostructured compounds. 

We elaborate the general growing mechanism of this method, demonstrating that the 

salt decreases the melting point of reactants and facilitates the formation of intermediate 

products.  

 

Based on the 2D materials, we have recnelty revisited the semiconductor-electrolyte 

interface and unraveled a universal self-gating phenomenon through micro-cell based 

in-situ electronic/electrochemical measurements [2]. We unveiled a surface 

conductance mechanism under self-gating that dominates the charge transport in 

semiconductor electrocatalysts, and demonstrate the strong correlation between them. 

Then we demonstrate that the type of semiconductor catalysts strongly correlates and 

their electrocatalysis, i.e., n-type semiconductor catalysts favor cathodic reactions such 

as hydrogen evolution reaction (HER), p-type ones prefer anodic reactions such as 

oxygen evolution reaction (OER), and bipolar ones tend to perform both anodic and 

cathodic reactions. Our study provides a new insight into the electronic origin of 

semiconductor-electrolyte interface during electrocatalysis, paving the way for 

designing high-performance semiconductor catalysts.  
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Two-dimensional (2D) materials have emerged as promising candidates for post-Moore 

electronics due to their unique electronic properties and atomically thin geometry. Our 

group at Nanjing University have been focused on exploring electronic transport 

properties and device applications of novel 2D semiconductors and semimetals, as well 

as their heterostructures. I will start with our studies on atomically thin semiconducting 

material rhenium disulfide (ReS2) and type-II Weyl semimetal (WSM) tungsten 

ditelluride (WTe2). We observed interesting in-plane anisotropic transport and 

mechanical properties of ReS2, together with its potential electronic and optoelectronic 

applications.[1] In thin tungsten ditelluride (WTe2) flakes, we observed notable angle-

sensitive negative longitudinal magnetoresistance (MR) and strong planar orientation 

dependence which reveal important transport signatures of chiral anomaly and type-II 

Weyl fermions. By applying a gate voltage, we further demonstrated that the Fermi 

energy can be tuned through the Weyl points via the electric field effect; this is the first 

report of controlling the unique transport properties in situ in a WSM system.[2] 

By stacking layers of different 2D materials together, van der Waals (vdW) 

heterostructures offer unprecedented opportunities to create materials with atomic-level 

precision by design, and combine superior properties of each component. In the second 

part of my talk, I will show that robust memristors with good thermal stability, which 

is lacking in traditional memristors, can be created from a vdW heterostructure 

composed of graphene/MoS2–xOx/graphene.[3] Our latest results on the observation of 

ballistic avalanche phenomena in thin vdW heterostructures made of black phosphorus 

and Indium Selenide (InSe), as well as its high-performance electronic and 

optoelectronic device applications will also be presented.[4] 
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With strong spin-orbit coupling (SOC), ultrathin two-dimensional (2D) transitional metal 

chalcogenides (TMDs) are predicted to exhibit weak antilocalization (WAL) effect at low 

temperatures. The observation of WAL effect in VSe2 is challenging due to the relative weak 

SOC and three-dimensional (3D) transport nature in thick VSe2. In this talk, I will present the 

observation of quasi-2D transport and WAL effect in sublimed-salt assisted low temperature 

chemical vapor deposition (CVD) grown few-layered high-quality VSe2 nanosheets. The WAL 

magnitudes in magnetoconductance can be perfectly fitted by the 2D Hikami-Larkin-Nagaoka 

(HLN) equation in the presence of strong SOC, by which the spin-orbit scattering length 𝑙SO 

and phase coherence length  𝑙ϕ have been extracted. The phase coherence length 𝑙ϕ shows a 

power law dependence with temperature, 𝑙ϕ ∼ 𝑇−1 2⁄  , revealing an electron-electron 

interactions dominated dephasing mechanism. Such sublimed-salt assisted growth of high-

quality few-layered VSe2 and the observation of WAL paves the way for its future spintronic 

and valleytronic applications. 
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The broken inversion symmetry together with strong spin orbit coupling leads to two 

degenerate yet inequivalent valleys K and K in monolayer transition metal 

dichalcogenides (TMDs), with opposite spin characters. The spin-locked valley states 

have been proposed for classical and quantum information applications. For such 

applications, one needs to create, manipulate and switch valley polarization. Valley 

polarization can be realized by applying a magnetic field to Zeeman split the band edge 

states. However, the splitting value of ~0.2 meV/T is small, making valley control 

difficult. In this talk I will discuss an approach of using the proximity effect from a 

ferromagnetic substrate to enhance the valley splitting in monolayer TMDs. Using 

magnetic semiconductor EuS as a substrate in the WSe2/EuS heterostructure, we have 

achieved a valley splitting of 2.5 meV/T, an order of magnitude higher than that by an 

external field. In WS2/EuS, the splitting value is increased to ~16 meV/T, which is an 

enhancement by nearly two orders of magnitude. More interestingly, the valley splitting 

of the two materials have opposite signs, suggesting the complex exchange interactions 

between the TMD and magnetic substrates. At the end of this talk, I will discuss a 

theoretical proposal to realize robust valley exciton emission with long lifetime and 

nearly 100% valley polarization at room temperature. 
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Physics of magnetic domains of conventional magnetic materials can be well 

described by minimization Landau-Lifshitz free energy. However, for magnetic oxides, 

competition between various types of exchange interactions has often led to complex 

magnetic domain structures that are far from being understood. One of the most typical 

examples is the domain structure in colossal magnetoresistive manganites, which is 

featured by spatial coexistence of ferromagnetic, antiferromagnetic and even spin glass 

domains. These domains are not only in different magnetic states, but are also in 

different conducting states. By studying the effect of spatial ordering of the chemical 

dopants, we conclude that the dopants-induced disorder is the key reason for the 

formation of the complex domain structures in magnetic oxides. Based on the 

understanding of the physical origin of the complex magnetic domains in oxides, we 

have developed various methods to control the domain patterns in oxides and fabricated 

multi-bit memory device that can also carry out logic operations. 
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Charge transport in the disordered organic conducting/semiconducting system has 

always been a topic that draw much interests and attentions, the most heated discussions 

in recent ten years mainly focused on the nonlinear transport phenomenons for 

conducting polymers. Various theories have been employed to model the power-law 

behavior ( VI  ) in the nonlinear IV relations observed in different polymer materials, 

among which, Coulomb blockade (CB) and Luttinger liquid (LL) models, both 

involving the electrons coulombic correlations effect, are the most promising ones, 

though the topic is still under disputes with more new models being proposed.  

In this study, we observe a crossover from Luttinger liquid to Coulomb blockade when 

we thinning the 3D bulk layer to single molecular layer --- a pure 2D system, it’s for 

the first time that two mechanisms are simultaneously observed in one kind polymeric 

material, just depending on the dimensionality. A universal random quantum resistive 

networks related to the microstructures of the polymer film is proposed to model the 

coexistence of the CB and LL mechanisms, in which the crystalline grains and 

amorphous intergrains are respectively related to coulomb islands and 1D tie-bridges. 

In 2D limits, the charging energy Ec in the coulomb islands is much larger than the 

Bosonization correlation energy Eb in the 1D chains, leading to the domination of CB 

effect; while thickening the film to 3D situation, increase of the capacitance of coulomb 

islands, due to the multi-layers’ grains fusion under a percolation scenario, would make 

the Ec less influenced, consequently the tunneling into Luttinger liquids with power-

law density of states (DOS) occurred in the 1D tie-chains would determine the linear 

transport. 



 
Fig.1 Coulomb blockade effect in the nonlinear transport of single molecular layer conducting polymer. 

 

Fig. 2 Luttinger liquid dominant nonlinear transport in multi-layer polymer film, scaling with the 

LL tunneling formula. The inset is the failure when using the LL model to fit the 2D nonlinear 

transport. 
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Knots are important structural features in DNA and some proteins, and are thought to 

play a significant role in the physical properties of both natural and synthetic polymers.1 

Although billions of prime knots are known to mathematics, few have succumbed to 

chemical synthesis.1 Here we will discuss the latest progress from our laboratory in this 

field, including the synthesis of the most complicated molecular composite knot, chiral 

knots and links (catenanes) made to date, and the properties that knotting at the 

molecular level can induce.2-5 
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Aberration-corrected scanning transmission electron microscopy (STEM) 

operated at low accelerating voltage can now provide real space imaging and 

spectroscopy analysis at the atomic scale with single atom sensitivity. This opens new 

opportunities for quantitative study of the structure and chemistry in 2D materials and 

monitoring of their dynamical behavior under e-beam irradiation or in-situ heating. 

Such studies, especially when combined with first-principles calculations, serve as an 

important step to correlate the atomic structure with their local properties, unveil the 

atomic growth mechanism for new quantum-structures, and help to create new 

functionalities in these 2D materials via defect engineering.   

Using low-voltage aberration corrected STEM imaging, we show that for epitaxial 

grown 2D lateral heterostructures where the two monolayer components have similar 

crystal structure but different lattice constants, such as WS2/WSe2 or MoS2/MoSe2, 

strain relaxation at lateral interfaces due to lattice mismatch often lead to misfit 

dislocation arrays. We demonstrate that such misfit dislocations can induce the 

formation and growth of sub-2-nm quantum-well arrays in semiconductor monolayers, 

driven by dislocation climb [1]. This misfit-dislocation-driven growth can be applied 

to different combinations of 2D monolayers with lattice mismatch, paving the way to a 

wide range of 2D quantum-well superlattices with controllable band alignment and 

nanoscale width. 

By performing in-situ annealing experiments in STEM, we found that stacking 

faults and rotational disorders in multilayered 2D crystals can be healed by grain 

boundary (GB) sliding, which works like a “wiper blade” to correct all metastable 

phases into thermodynamically stable phase along its trace [2]. The driving force for 

GB sliding is the gain in interlayer binding energy as the more stable phase grows at 

the expanse of the metastable ones. Density functional theory calculations show that 

the correction of 2D stacking faults is triggered by the ejection of Mo atoms in mirror 

twin boundaries, followed by the collective migrations of 1D GB. The study highlights 

the role of the often-neglected interlayer interactions for defect repair in 2D materials 

and shows that exploiting these interactions has significant potential for obtaining large-

scale defect-free 2D films. 
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The easy oxidation of silicene in air limits its applications in device design and fabrication. Here we 

report the experimental fabrication of silicene protected by a graphene overlayer. The graphene layer 

is grown first on a Ru(0001) substrate and silicene is grown under it by Si intercalation. By 

controlling the amount of silicon, ordered arrays of pseudomorphic silicene nano flakes as well as 

single layers and multilayers of silicene can be successfully fabricated under graphene that is 

epitaxially grown on Ru(0001). Density-functional-theory calculations show weak interactions 

between graphene and silicene layers, indicating that the fabricated structures are silicene/graphene 

van der Waals heterostructures. The as-prepared silicene-based structures show no observable 

damage after air exposure for two weeks. The vertical graphene/silicene/Ru heterostructure shows 

rectification behavior with an ideality factor of ~1.5. 
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