
Vic K. T.  Law 

The Hong Kong University of Science and Technology

Quantum Anomalous Hall Insulators-Based 
as Majorana platforms



Quantum Anomalous Hall Insulators are promising Majorana 
platforms!

1. 

2. 

Quasi-1D QAHI/SC 

US Patent 2020, arXiv:2012.15523

QAHI with a cut

PRB 2018, Cell Reports Physical 

Science 2023 



Quantum Anomalous Hall Insulators are the most 
promising Majorana platforms!

3. SC/QAHI/SC junction

4. 

PRL 133, 056601 (2024)

Gate-defined 

Josephson junction

with interaction-driven QAHI 

Nature Comm. 2023; PRL 2023



5. Majorana Zero Modes in Lieb-Kitaev Model with quantum metric

When 𝑡 = ∆ the MF are localized at one site

When 𝑡 = ∆ the MF can be highly 

delocalized in the Lieb-Kitaev model.



Kitaev model of 1D-superconductor with Majorana end states

Kitaev, Physics-Uspekhi (2001)

Non-abelian particles and braiding

𝛾1 𝛾2

𝜇

The key ingredients of realizing Majorana end states: 
1. There is one band at the Fermi energy. 
2. There is superconducting pairing.



Majorana in quantum wires with Rashba spin-orbit coupling (SOC)

𝛾1 𝛾2

Rashba Wire

S-wave SC

𝑩

S-wave + Rashba Wire + Zeeman field

𝐵 = 0

𝐵 ≠ 0

Majorana end states exist when

𝐵 > 𝜇2 + Δ2

𝜇

M. Sato, et al., PRL (2009);  J. Alicea, PRB (2010); 
Y. Oreg et al., PRL (2010);  J. Sau et al., PRL (2010).

Disadvantages: 
1.Need large Zeeman field to open a topological regime.
2. Large Zeeman field will reduce pairing amplitude

Rashba spin-orbit coupling
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➢ Resonant Andreev reflection and quantized 
zero-bias conductance peak

K. T. Law et al., PRL (2009)
Jie Liu et al., PRL (2012)

Kouwenhowen et al., Science (2012)

Charge signature – quantized zero conductance peak 
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Yingming Xie et al. PRB 2018

1. Majorana fermions in quasi-1D QAH platforms

The separation of the edge 
states is comparable to the 
superconducting coherence 
length of the superconductor.

Detection



1. Majorana fermions in quasi-1D QAH platforms

Cell reports physical science 2023 with Rolf Lort’s group at HKUST



2. QAHI with a cut

US Patent 2020, arXiv:2012.15523



2. QAHI with a cut



3. SC/QAHI/SC Josephson Junctions
Chiral Andreev edge state 



arXiv:2110.01067



Correlated Insulator and Superconductivity in Twisted bilayer graphene

Cao, Yuan, et al. 
Nature 556.7699 (2018). Nature 556.7699 (2018).
Adrian HC PO, Zou, Ashvin, SenthilPhys. Rev. X 8, 031089 (2018)

Nature Communications 14 : 2396 (2023)
KTL with Dima Efetov’s group 

Correlated insulating stateSuperconducting state

4-fold degenerate electron bands

4-fold degenerate electron bands



arXiv:2110.01067



Superconductor/correlated insulator/superconductor junction







Fraunhofer pattern of two devices

Second device

First device



5. Majorana modes in flat band topological 
superconductors



Quantum Metric Lengths

E

kF

EF

𝜋/𝑎

1. For a dispersive band, there is a length scale Fermi wavelength 𝜆𝐹=2𝜋/𝑘F . 
It controls, for example, the Friedel oscillation period.

2. VF is associated with many length scales such as the BCS coherence length:

3. For flat bands, kF is not well-defined and VF is zero. 
What is the fundamental length scale for superconducting coherence length, Andreev bound 
states?  Answer: The quantum metric lengths.

VF

Flat band



Outline

1. Flat band superconductivity with quantum metric – coherence length

Shuai Chen, KTL PRL 132, 026002 (2024);

2. Majorana Zero Modes in Lieb-Kitaev Model with Tuneable Quantum 
Metric

Xingyao Guo, Xinglei Ma, Xuzhe Ying and KTL, arXiv: 2406.05789.



1. Flat band superconductivity with quantum metric – coherence length



Flat/Narrow band

Y. Cao et al Nature 556, 80 (2018),

Marc W. Bockrath et al. Nature 614, 440–444 (2023)

Flat bands in twisted bilayer graphene



Marc W. Bockrath et al. Nature 614, 440–444 (2023)

Superconducting coherence length 

Experiments Conventional SC



• Bures Distance

• Vanishing when two states physically coincide.

• D=1, when two states are orthogonal.

Quantum distance 

Quantum metric tensor 
(components have units of length square!) 

Parameter-dependent Hamiltonian



Framework of Ginzburg-Landau theory

Fermion at orbital basis

We focus on the flat/narrow band around Fermi energy Isolated band 

Bosonic field through the Hubbard-Stratonovich

transformation:

W



Form factor

Quantum metric!

Ginzburg-Landau theory for flat band superconductor with quantum metric



Minimal coupling to include magnetic field:

The superconducting coherence length is proportional to the quantum metric length!  

Superconducting coherence length and quantum metric

Shuai Chen and KTL, Phys. Rev. Lett. 132, 026002 (2024)



The quantum metric determines the size (the quadratic spread) of an optimally localized Wannier function of a band 

Physical significance of the quantum metric

Nicola Marzari, Rev. Mod. Phys. 84, 1419 (20 12) 

For a completely flat band, the Fermi wavelength 1/kF is not well defined. BCS superconducting 
coherence length                                    goes to zero. The quantum metric length is the natural electronic 
length scale for flat band materials. 



Superconducting graphene family



5. Majorana Zero Modes in Kitaev Model

Kitaev 2000

Majorana Fermion

1D Kitaev model with spinless Fermions 

Realistic realization of Kitaev’s model using Rashba wires

Rashba + Zeeman

Superconductor 

Rashba Wire

MF

𝑉

MF

When 𝑡 = ∆ the MF are localized at one site



2. Majorana Zero Modes in Lieb-Kitaev Model

When 𝑡 = ∆ the MF are localized at one site

When 𝑡 = ∆ the MF can be highly delocalized 
in the Lieb-Kitaev model.



Topological superconductor with quantum metric

Quantum Metric length as a 
function of parameters 

Energy dispersion of 
Lieb-Kitaev model

Energy spectrum



Majorana modes tuned by quantum metric

Long QML 

Short QML 



“Size” of  Majorana modes tuned by quantum metric



Long range maximal crossed Andreev reflections



Thank you!



Josephson Diode Effect in Twisted bilayer 
graphene



arXiv:2110.01067



Correlated Insulator and Superconductivity in Twisted bilayer graphene

Cao, Yuan, et al. 
Nature 556.7699 (2018). Nature 556.7699 (2018).
Bistritzer and MacDonald PNAS, 2011

Nature Communications 14 : 2396 (2023)
KTL with Dima Efetov’s group 

Correlated insulating stateSuperconducting state

4-fold degenerate electron bands

4-fold degenerate hole bands



3. Flat band Josephson junction



Create a local potential 

Bound state size in flat bands



Quantum metric

Quantum metric length

Bound state size in flat bands



S/FB Interface states 



Josephson current controlled by quantum metric



𝐼𝑐 ∝ 𝑒−𝐿/𝜉

𝜉 ≈ Τ𝑉𝐹 2𝜋𝑇

For conventional metallic weak links: 

Critical current as a function of length L of weak link 

Quantum metric in the presence of band dispersion

For nearly flat bands, 𝜉 is dominated 
by quantum metric length.



4. Majorana Zero Modes in Kitaev Model

Kitaev 2000

Majorana Fermion

1D Kitaev model with spinless Fermions 

Realistic realization of Kitaev’s model using Rashba wires

Rashba + Zeeman

Superconductor 

Rashba Wire

MF

𝑉

MF



4. Majorana Zero Modes in Lieb-Kitaev Model



Topological superconductor with quantum metric



Majorana modes tuned by quantum metric



“Size” of  Majorana modes tuned by quantum metric



Long range maximal crossed Andreev reflections



Thank you!


