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Monolayer Crystals and Heterostructures

The simplest materials hosting 2D electrons:

(Isolated) Crystalline Atomic Monolayers

Mechanical Exfoliation MBE/CVD/PVD Growth Heterostructures

Quartz tube

~900 °C, 20 Torr / e =

Ar

— —
———— 1 s 650 ©f

Insulating
Substrate

Soufce

MosS,

Geim et al
Van der Waals Heterostructure

Large area, scalable

Wu*, Huang*, et al, ASC Nano (2013) Image: Novoselov et al, Science (2016)



My Research Interests & Today’s Topic
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» Quantum spin Hall effect in monolayer WTe,
» Superconductivity in monolayer WTe,



Experimental Quantum Spin Hall Effect

2D time-reversal invariant topological insulators

Semiconductor Heterostructures

Conductance
channel with
up-spin charge
carriers

T A Conductance
channel with
Quantum down-spin
well charge carriers
Molenkamp & Zhang et al (HgTe, 2007) Du et al (InAs/GaSb, ~ 2015)

Low Temperature Phenomena:
Near Liquid Helium Temperature (< 10 K)



Monolayer QSH Systems
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Monolayer Transition Metal Dichalcogenides

REPORT

Quantum spin Hall effect in two-dimensional
transition metal dichalcogenides

Xiaofeng Qian®", Junwei Liu®", Liang FuT, Ju Li*t
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Signhatures of QSHE in a 2D time reversal invariant Tl

Drain

?

! Source

Quantum spin Hall

Conduction Band

Valence Band

v" Helical edge mode of a insulator

v’ Topological protection allowed by TR symmetry

Expected QSH Transport Signatures:

* Bulkinsulating + edge conducting

* Quantized conductance, ~ e?/h per edge

e Conductance saturates in the short-edge limit

* Quantization destroyed under broken TR symmetry

* (Zeeman gap opening at the Dirac point)



Quantum Transport in Atomically Thin WTe,
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Edge Conduction in Monolayer WTe,

Distinguish Edge Conduction from the Bulk Contribution

0
Gate (V)

Expected QSH Transport Signatures:

Bulk insulating + edge conducting /

Quantized conductance, ~ e?/h per edge
Conductance saturates in the short-edge limit
Quantization destroyed under broken TR symmetry

(Zeeman gap opening at the Dirac point)

Intensity (a.u.)

E-E (eV)
Tang et al, Nature Physics (2017)




Is It Really a QSH Insulator?

Difficulties

* Good Contact?

* High Quality Devices?

 How to do length dependence properly?
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Helical Edge Mode: Conductance Quantization
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Helical Edge Mode: Length Dependence
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Helical Edge Mode: Breaking Time-Reversal Symmetry
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Helical Edge Mode: Breaking Time-Reversal Symmetry




Observation of the QSHE in Monolayer WTe,

Graphite Gate
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Expected QSH Transport Signatures:

Bulk insulating + edge conducting /

* Quantized conductance, ~ e?/h per edge /

* Conductance saturates in the short-edge limit /

* Quantization destroyed under broken TR symmetry /
* (Zeeman gap opening at the Dirac Point) /

Spin-polarized edge transport




The High Temperature QSHE
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Recent ARPES/STM Measurements: 45 meV gap in the bulk
Tang et al, Nature Physics (2017); Jia et al, PRB (2017)



Superconductivity in Electrostatically Doped Monolayer WTe,
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Gate Tunable Superconductivity
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Monolayer WTe,: A Low Density Superconductor

2D Superconductors and their carrier densities.
. Mos, (ionic gating)

~ lAo/sTO
~ Tise, (ionic gating)

Monolayer WTe, _ Cuprates
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History and the Future of History

“tHEBTE, FRHEAZZIUABRE”

A2 (3000 ~ 5000 B.C.E) 2017 C.E

“The Knotting Age” “The Scratching Age” “A New Knotting Age” ?
SHiLE ZRic=E ETHBICE"?
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