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 Quantum Physics defines crystal structure and electronic 
properties of a material (metal, insulator, semiconductor). 

Solid state physics – 3D crystals
3D crystal lattice: 3D band structure:

3D Brillouin zone:



Dmitri K. Efetov

 Research and development led to miniaturization over 7 
orders of magnitude from cm to nm scale. 

Modern Electronics –semiconducting silicon ’50
First field effect transistor: IBM field effect transistor 2020:

1956
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Modern Electronics –semiconducting silicon ’20
Moores Law: Billions of transistors on chip:
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Quantum Technologies
Image of a single electron silicon transistor:

 Transistors made of a single atom
 Quantum mechanics plays key role
 Qubits, can store quantum information

Qubit
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Heterostructures – combining materials ’80
Semiconductor Heterostructure:

 Combining materials with different properties
 Interfaces rule

2000

“The interface is the 
device.”

GaAs/AlAs
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Quantum Cascade Lasers

Cross-section of a QCL:Working principle of a QCL:

 Nano-engineered potential wells
 Voltage across these, forces electrons to jump to lower energy well
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Molecular beam epitaxy - Molecular LEGO
MBE machine:

 Atomic engineering.
 Endless combination of 

properties 
 Designer materials

Atom  by atom assembly:

Semiconductor

Insulator
Magnet
Superconductor …
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Heterostructures – Molecular LEGO

Schlom group (2016).
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Graphene ’04

 One atomic layer of carbon atoms
 True 2D material
 Scotch tape

2010



- Thinnest imaginable material  one atom thick
- Highest surface area  2630 m2/g
- Transparent to light  97.7 %
- Ultra-broadband absorption  uV - THz
- Stiffest material  1 TPa
- Strongest material  130GPa 
- Most stretchable material  20%
- Record thermal conductivity  6000 W/mK
- Highest current density at RT  106 > copper
- Highest intrinsic mobility  100 > Si
- Lightest charge carrier massless Dirac fermions
- Longest mean free path at room temp microns
- Easily functionalized and process able
- Impervious to even He
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Advent of Graphene and 2D van der Waals materials
Record properties of graphene :Graphene 2D lattice:

Graphene 2D band structure: Graphene 2D Brillouin zone:

Dirac equation

Effective mass
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Exotic new band structures
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Relativistic Integer Quantum Hall effect in graphene

• Clearly an integer QHE with Rxy = (h/e2)/n, where n is an integer.

• However, the sequence of LLs is quite different, where Rxy = (h/e2)/n takes values n = 2, 6, 10 etc. 

• This implies a degeneracy of 4 (spin+valley), and a zero-energy LL, which is not present in normal 2DEGs.
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Haldane model - Topology

• Next-nearest neighbor 
hopping induces gap opening
• Berry curvature loops

• Topological Chern bands

Duncan Haldane2016
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Quantum Hall Effect without B-field

• 8. Lecture 13.6 – More Quantum Hall, Graphene Quantum Hall
(Exercise 16.6) - Seminar sessions

• Quantum Spin Hall effect and Quantum Anomalous Hall effect – Quantum Hall effect in zero magnetic field, 
given rise by a combination of topological electron states and a strong spin-orbit coupling and/or ferromagnetic 
bulk of the material.
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Graphene and 2D van der Waals materials

A. Geim, et. al. Nature (2013).

> 2500 vdW materials
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Single layer vdW materials
High quality single crystals - 2D physics in 

the clean limit

• True 2D high quality single crystals
• Quantum confinement in the z direction
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• True 2D high quality single crystals
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Layer number control – new physical systems

• Altered unit cells  changed degeneracies and 
broken inversion symmetries

• Altered band-structures below 8 layers
• Changed phonon spectrum



Dmitri K. Efetov

Single layer vdW materials
High quality single crystals - 2D physics in 

the clean limit
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Single layer vdW materials
High quality single crystals - 2D physics in 

the clean limit

Enhanced electronic interactions

• True 2D high quality single crystals
• Quantum confinement in the z direction

E- and B-field control

Layer number control – new physical systems

• Electric field control across phase-transitions
• Novel quantum phases in high B-fields 

• Reduced environmental screening enhances 
electronic interactions

• Altered unit cells  changed degeneracies and 
broken inversion symmetries

• Altered band-structures below 8 layers
• Changed phonon spectrum

E,B



C.Dean, P. Kim, J. Hone, et. al. Science (2013).A. Geim, et. al. Nature (2013).

vdW co-lamination transfer technique:

Designer vdW stack: Moiré superlattice:TEM cross-section:
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VdW heterostructures – clean coupling over < 1nm
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MBE (LEGO) vs. vdW (CARDS)

Van der Waals assembly:

New  Free crystallographic orientation

Molecular beam epitaxy:

Crystallographic orientation locked Crystallographic orientation free

LEGO CARDS



Dmitri K. Efetov

Hofstadter butterfly
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Twisting 2D materials
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Moire interference pattern – large scale superpotential

Yazdany group (2023).

Scanning tunneling microscopy image of twisted bilayer graphene:

λ ~ 10nm
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Bandstructure evolution and the magic angle of 1.1o

Entirely novel quantum 
phases appear in flat bands 

at 1.1o

Mott insulators
superconductivity  
magnetism  
topology

Jarillo-Herrero group (2018).
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New platform for strongly correlated physics

Lattice constant
Interaction strength

Magic-angle tBLG: 

Optical lattices:

Crystals:

cuprates

λ ~ 10nm
U ~ meV

λ ~ 1Å
U ~ eV

λ ~ 1µm
U ~ peV
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Transport Measurements

17 m

20

0

n
m

Longitudinal resistance: 𝑅𝑥𝑥 = 𝑉𝑥𝑥/𝐼

Hall resistance: 𝑅𝑥𝑦 = 𝑉𝑥𝑦/𝐼

Carrier density: 𝑛 = 𝐶𝑔 ∗ 𝑉𝑔

Hall density: 𝑛 = 𝑛 = −𝐵 𝑒𝑅⁄

Device Structure: Tuning Fermi Energy:

EF
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Magic angle twisted bilayer graphene - Phase diagram
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Correlated Insulators:

Magic angle twisted bilayer graphene - Phase diagram

X. Lu, … , DKE, Nature 574, 653 (2019).
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Superconductivity: Correlated Insulators:

Magic angle twisted bilayer graphene - Phase diagram

X. Lu, … , DKE, Nature 574, 653 (2019).P. Stepanov, I. Das, X.Lu, … , DKE, Nature 583, 375 (2020).
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Superconductivity: Orbital Magnetism:Correlated Insulators:

Magic angle twisted bilayer graphene - Phase diagram

X. Lu, … , DKE, Nature 574, 653 (2019). P. Stepanov, … , A. Bernevig, DKE, PRL 127, 197701  (2021).P. Stepanov, I. Das, X.Lu, … , DKE, Nature 583, 375 (2020).
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Superconductivity: Orbital Magnetism:Correlated Insulators:

Chern
Insulators:

Magic angle twisted bilayer graphene - Phase diagram

X. Lu, … , DKE, Nature 574, 653 (2019). P. Stepanov, … , A. Bernevig, DKE, PRL 127, 197701  (2021).P. Stepanov, I. Das, X.Lu, … , DKE, Nature 583, 375 (2020).

I. Das, X. Lu, … , DKE, Nature Physics 17, 710 (2021).
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Superconductivity: Orbital Magnetism:

Strange 
metal:

Correlated Insulators:

Chern
Insulators:

Magic angle twisted bilayer graphene - Phase diagram

X. Lu, … , DKE, Nature 574, 653 (2019). P. Stepanov, … , A. Bernevig, DKE, PRL 127, 197701  (2021).P. Stepanov, I. Das, X.Lu, … , DKE, Nature 583, 375 (2020).

I. Das, X. Lu, … , DKE, Nature Physics 17, 710 (2021).A. Jaoui, … , DKE, Nature Physics 18, 633 (2022). 
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Engineering flat bands in 2D materials

A. Bernevig and DKE, Physics Today – in press (2024).


