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Quantum Hall Effect

In the 2D limit, Landau-level quantization 

from strong magnetic field leads to quantized 

Hall conductance --- zero longitudinal 

resistance.



Edge States of Quantum Hall Effect (QHE)

Back-scattering 

is forbidden!

Real topological state: 

Robust against any 

disorders

Potential application: 

Zero/low power 

electronics



The Disadvantage of QHE: Strong B field

QHE: 10000 Gauss

Earth: 0.5 Gauss



Quantum Hall Effect without Magnetic Field

Goal of both condensed matter physics 

and materials physics: 

Quantum Hall effect without magnetic field

Quantum anomalous Hall Effect

Quantum spin Hall Effect

Quantum valley Hall Effect

…
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Graphene

 thinnest

 mechanical property

 low resistivity

 room temperature QHE

Silicon 

terminator?

• linear dispersion

• zero gap
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Engineering band gaps

How?

Degrees of freedom

Real spin Valleys LayersSublattices

K
K’

A

B
top

bottom
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Gap opening mechanism (1)

 Breaking inversion symmetry.

53 meV
G. Giovannetti et al., 

PRB 76, 073103 (2007)

(a) Placing graphene on top of 

hexagonal boron nitride:

(b) Applying an interlayer potential 

difference in AB-stacking bilayer 

graphene:

Y. Zhang et al., 

Nature 459, 820 (2008)

Supporting quantum valley-Hall state

Tunable 

band 

gap

A

B

top

bottom
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 Intervalley scattering.

Doping in 3N*3N supercell of graphene.

J. Ding et al., PRB 84,195444 (2011) 

Z. Qiao, et al., PRB 85,115439 (2012)

Y. Ren et al, PRB 91,245415 (2015)

Gap opening mechanism (2)

Co doping

K
K’



 Intrinsic spin-orbit coupling

Gap opening mechanism (3)

Kane-Mele model

Intrinsic SOC
VSO>>Vr

C. Kane et al., PRL 95, 146802 (2005)

Rashba SOCQuantum spin-Hall effect

Y. Yao et al., PRB 75, 041401 (2007)

H. Min et al., PRB 74, 165310 (2006)
Extremely weak intrinsic SOC!
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Gap opening mechanism (4)

Zeeman field

Modified 

Kane-Mele model

Quantum anomalous-Hall effect

K

E
n
er

g
y



Qiao, Yang et al, 

PRB 82, 161414 (2010)

Ding, Qiao et al., 

PRB 84,195444 (2011)

Jiang, Qiao et al., 

PRL 109,116803 (2012)

Qiao, Ren et al., 

PRL 112,116404 (2014)

Ideal model

Periodic adsorption
Experimental prototype

Roadmap of QAHE in graphene
Im

p
ro

v
ed

so
lu

ti
o
n

Deng, Qi, Xu, and Qiao, 

PRB 95, 121410 (2017)

Random adsorption
Experimental prototype

Magnetic substrate
Experimental prototype

Codoping adatoms
Experimental prototype

Ren, Qiao, Niu, 

Rep. Prog. Phys. 112,116404 (2014)



Engineering topological states using electric 

means but not spin-related elements
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Quantum valley-Hall effect

k

Monolayer

graphene

with

sublattice

potential

Gated bilayer

graphene



Quantum valley-Hall effect

Topological order：CV=CK-CK’



Quantum valley-Hall effect

1-layer

2-layer

3-layer

4-layer

5-layer

CV=1/2

CV=1

CV=3/2

CV=2

CV=5/2



Quantum valley-Hall effect



Quantum valley-Hall effect

Various 

bilayer

graphene

ribbons 



Quantum valley-Hall effect

Comparison with QHE and Z2 Topological insulator

QHE Z2 TI QVHE

Topological 

state
Strong weak Weak

Topological

number
Chern number Z2 number

Valley Chern

number

Robustness
Any kind of 

disorder

Time-reversal

invariance

Without inter-

valley mixing



Quantum valley-Hall effect

Advantage:

Robust against long-range disorders

Disadvantages:

1. Difficult to grow or cut some specific ribbons  

with gapless edge modes

2. Easy to be destroyed by short-range 

disorders



From 

quantum valley-Hall effect

to

Topological 1D zero-line mode
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Topological 1D zero-line mode

Martin et al., PRL 100, 036804 (2008)

+ m

- m

AB stacking bilayer graphene

with alternating electric fields

Monolayer graphene with 

alternating sublattice

potentials

Semenoff et al., PRL 101, 087204 (2008)

Yao et al., PRL 102, 096801 (2009). 

K :  E=+k

K’:  E=-k
Energy dispersion

Other names: topological confinement state, kink state, 

topological zero mode, domain-wall state
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Zigzag zero line

K K’

Armchair zero line

Γ

Topological 1D zero-line mode

Gapless mode! Gapped mode!

Two representative zero lines (bilayer graphene with varying 

potential differences):

Qiao, Jung, Niu, MacDonald, Nano Lett. 11, 3453 (2011)

1. Small avoided 

crossing band gap

2. Easy to be scattered
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Topological 1D zero line mode

Evolution of band structure from zigzag to armchair zero lines:

zigzag

1

2

3

Bi, Jung, and Qiao, 

Phys. Rev. B (Accepted)

arXiv:1509.09003 
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Topological 1D zero line mode

Evolution of band structure from zigzag to armchair zero lines:

armchair

5

6

4

Bi, Jung, and Qiao, 

Phys. Rev. B (Accepted)

arXiv:1509.09003 



26

Topological 1D zero line mode

Zero line modes are gapless with distinguishable valleys in 

any ribbons except armchair ribbon. 

Whether such a mode is useful in realistic systems?
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Schematic of a 4-terminal device

In a bilayer graphene:

Single 1D zero line can be 

created by considering 

different potential profiles:

(+, +, -, -)

(+, -, +, -)

(+, +, +, -)

(+, -, +, +)

(-, +, +, +)

(+, +, -, +)



Transport of single zero line + +

- -

Conductance from L to 

R is quantized to 2e2/h.

Schematic of zero-line 

and the mode. 

zigzag

Qiao, Jung, Niu, MacDonald, Nano Lett. 11, 3453 (2011)

K

K’



+ -

+ -

Conductance from D to 

U is quantized to 2e2/h.

Schematic of zero-

line and the mode. 

a
rm

c
h
a
ir

Qiao, Jung, Niu, MacDonald, Nano Lett. 11, 3453 (2011)

Transport of single zero line



+ -

+ -

a
rm

c
h
a
ir

Transport of single zero line

Sanyi You, and Zhenhua Qiao, in preparation (2019)



+ -

- -

Schematic of 

domain wall and 

its mode. 

Conductance 

from L to U is 

quantized to 

2e2/h.

zigzag

a
rm

c
h
a
ir

Qiao, Jung, Niu, MacDonald, Nano Lett. 11, 3453 (2011)

Transport of single zero line

Numerically obtained local DOS 

distribution in real space:

K

K’

Mixed valleys



+ -

- -

Transport of single zero line

Sanyi You, and Zhenhua Qiao, in preparation (2019)



The conductance along any zero-line is 

quantized to 2e2/h.

1800 turn 600 turn 1200 turn 1310 turn

LDOS distribution for other single zero-lines:

Transport of single zero line

Qiao, Jung, Niu, MacDonald, Nano Lett. 11, 3453 

(2011)

Sanyi You, and Zhenhua Qiao, in preparation, (2019)



1D zero-line state chirally propagates;

1D zero-line state exhibits a zero bend resistance. 

Transport of single zero line

Similar to the quantum Hall effect, except the 

spatial overlap between the counter-propagating 

chiral edge modes 



35

Experimental realization 

of the topological 1D mode
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Recent observation of the topological zero-line mode

Experimental Realization (1)

Feng Wang’s 

group, Nature 

520, 650 (2014)
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Experimental Realization (2)

Real bilayer graphene with opposite biases

J. Li et al., Nature Nanotech. 11, 1060 (2016)
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Experimental Realization (2)

J. Li et al., Nature Nanotech. 11, 1060 (2016)



Zero line mode in folded bilayer graphene



Zero line mode in folded bilayer graphene

Experimental

Realization



41

+

+

-

-

All permitting electronic ways (colors 

indicate different chiral properties):

Time reversal 

invariance and 

zero bend 

resistance give 

the relations:

There is only one 

independent variable.

Current partition at a topological intersection



GUR=GDR

α:          900 600                       1200 

GUR<GDR GUR>GDR

0%
0%

0%

50%

50%

28%

72%

72%

28%

+

+

-

- α

Counter-intuitive 

current partition

✗

Current partition at a topological intersection



Current partition at a topological intersection

Sanyi You and Zhenhua Qiao, in preparation (2019)



+

+

-

- α
✗

Counterintuitive 

current partition laws

Current partition at a topological intersection

Qiao, Jung, Lin, Ren, MacDonald, and Niu, Phys. Rev. Lett. 112, 206601 (2014)
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External tunability of current partition

In experiment, the precise control of top/back gates is very 

difficult. Therefore, it is impossible to design a controllable 

current splitter by rotating the zero-line angles.

Some possible external manipulating methods:

1. The Fermi level;

2. The relative electric field strengths;

3. Weak magnetic field;

4. ......



Two zero line topological intersection

J. Zhu Group,

Science 362, 11491152 (2018)

Z. Liu Group, 

Nat. Material. 17, 993 (2018)

phononic 

crystals
A-B stacked 

bilayer graphene



Zero line modes in twisted graphene bilayer

S. Huang, K. Kim, D. K. Emkin, T. Lovorn, T.

Taniguchi, K. Watanabe, A. H. MacDonald, E. 

Tutuc, and B. J. LeRoy, Phys. Rev. Lett. 121, 

37702 (2018).

S. S. Sunku, G. X. Ni, B. Y. Jiang, H. Yoo, A. 

Sternbach, A. S. McLeod, T. Stauber, L. Xiong, T.

Taniguchi, K. Watanabe, P. Kim, M. M. Fogler, D. 

N. Basov Science 362, 1153-1156 (2018)Moiréis different

𝛉~𝟏°



Three zero line topological intersection

Diameter: 50 nm

T. Hou, Yafei Ren, et al., arXiv: 1904.12826

http://arxiv.org/abs/1904.12826


Three zero line topological intersection

Fermi energy close to 

the charge-neutrality 

point

Fermi energy 

close to band 

edge 

T. Hou, Yafei Ren et al., arXiv: 1904.12826

http://arxiv.org/abs/1904.12826


Three zero line topological intersection

Opposite chirality

Mirror reflection symmetry

T. Hou, Yafei Ren et al., arXiv: 1904.12826

http://arxiv.org/abs/1904.12826


Three zero line topological intersection

T. Hou, Yafei Ren et al., arXiv: 1904.12826

http://arxiv.org/abs/1904.12826


Topological network 

For each node, it tends to be back, 

with a tiny part.

For a series of nodes, what happen? 

Insulating?
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Current routing--- network systems

Phys. Rev. B 95, 245420 (2017)



Topological network 

P. Kim group

arXiv:1804.03806



Conductance at CNP 

is quantized.



Topological network 



Topological network 



Topological network 
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Summary

1、Brief review of topological zero line mode in

graphene systems.

2、Recent progress on electronic transport in

twisted bilayer graphene systems.


