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Imaging equilibrium currents in QH edge states in graphene

Weis, von Klitzing, Phil. Trans. 369, 3954 (2011)

Feldman, Krauss, Smet, Yacoby, Science 337, 1196 (2012)

Suddards, Baumgartner, Henini, Mellor, New J. Phys. 14, 083015 (2012)

Cui et al., PRL 117, 186601 (2016) 

Lai et al., PRL 107, 176809 (2011)

𝐵 = 1 T

𝑇 = 300 mK

SQUID on tip

𝑉bg

graphene grounded

no external currents

Landau levels

−
𝐽 𝑦

(A
/c

m
)

4

0

-4

𝐵
𝑧
(μ
T)

10

0

-10

Biot-Savart

𝐵
𝑧a
c

(μ
T)

5

0

-5

0.40-0.4
x (m)

0.40-0.4
x (m)

0.40-0.4
x (m)

𝐵𝑧
ac ∝ 𝜕𝐵𝑧/𝜕𝑥 ∝ 𝐽𝑦

x

y

Youngwook Kim

DGIST, Korea

Jurgen Smet

MPI Stuttgart

Cyprian Lewandowski

MIT

A. Uri et al., Nature Physics 16, 164 (2020)



Density of states

in the bulk 


edge

200 nm

200-20

𝐽𝑦 (µA/µm) 

x
 

F

Quantum Hall effect


F


F


F

𝐵a = 1 T 𝑇 = 300 mK

Imaging equilibrium currents in quantum Hall edge states

Landau levels

A. Uri et al., Nature Physics 16, 164 (2020)



14

10

6

2

Geller and Vignale, PRB 50, 11714 (1994)
Incompressible strips carry downstream 𝐼𝑇

Compressible strips carry upstream 𝐼𝑁𝑇

Direct imaging of 𝐽

𝐵
𝑧a
c

(μ
T)

5

0

-5

0.40-0.4
x (m)

𝐵𝑧
ac ∝ 𝜕𝐵𝑧/𝜕𝑥 ∝ 𝐽𝑦



MIT

Pablo Jarillo-Herrero Yuan Cao Daniel Rodan-Legrain

Quantum Hall edge 

states in the bulk

Incompressible downstream 𝐽T

Compressible upstream 𝐽NT

𝐵 = 1 T
𝑇 = 300 mK

SQUID on tip

Device edge

𝑛

𝑛+1
𝑛+2

MATBG grounded

no external currents

Equilibrium currents in magic angle graphene

A. Uri et al., Nature 581, 47 (2020)



𝑛-dispersive

band

𝑝-dispersive

band

-100

-50

0

50

100

K Γ M K’

E
n
e
rg

y
 (

m
e
V

)

(MBZ)

𝜃 = 1.05∘

Flat bands

𝑛-dispersive

band

𝑝-dispersive

band

Flat

bands

Moiré super-lattice

Mini Brillouin zone (MBZ)

MBZ

𝜃

𝑘𝜃 ≈ 𝐾𝜃

𝑘𝜃 ≈ 𝐾𝜃

No interlayer interaction

2𝑤

Magic angle 𝜃𝑀 ≈ 1.1°

2𝑤 ≈ 𝑣𝐹0𝑘𝜃

2𝑤 𝑣𝐹0𝑘𝜃

Interlayer interaction 𝑤

2𝑤 ≪ 𝑣𝐹0𝑘𝜃

𝑣𝐹 ≈ 0
Coulomb 𝑒-𝑒 ≫ 𝜀𝑘

Correlated states, superconductivity, 

magnetism, topology, …

Decreasing Twist Angle

Bistritzer, MacDonald, PNAS 108, 12233 (2011)

Y. Cao et al., Nature 556, 43 (2018)

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

G. Li et al., Nature Phys. 6, 109 (2010)

E. Suarez Morell et al., PRB 82, 121407 (2010)

M. Yankowitz et al., Science 363, 1059 (2019)

Nam, Koshino, PRB 96, 075311 (2017) 

X. Lu et al., Nature 574, 653 (2019)

A. L. Sharpe et al.,Science 365, 605 (2019)

Magic angle physics

𝑛𝑠 = 8𝜃2/ 3𝑎2

𝜃



𝑛-dispersive

band

𝑝-dispersive

band

Flat

bands

R
x
x

(Ω
)

102

103

106

104

105
Global transport

Rxx vs. 𝑛𝑒

at Ba=1.08 T

100 102 104 106

Rxx (Ω)
-4 -3 -2 -1 1 2 3 4𝑛𝑒/(𝑛𝑠/4)

4

2

0

B
a

(T
)

Global transport

Rxx vs. 𝑛𝑒 and Ba

device B

1.08 T

-3 -1 1 2-2
𝑛𝑒 (1012 cm-2)

0.2

0

0.4

-0.2

B
z
a
c
(μ

T
)
∝
𝐽

 -3  3  1 -1

Local SOT

QH equilibrium

currents at

a single point

at Ba=1.08 T

device B

8-fold

4-fold

4-fold

8-fold

2-fold
4-fold

1-fold

Global and local Landau levels

Transport and SOT 2:11



𝑛𝑒 (1012 cm-2)
-3.2 -3.0 3.5 3.7

𝑛𝑒/(𝑛𝑠/4)

-4.6 -4.3 -4 4 4.3 4.6

-0.2

0

0.2

0.4

0.6

×-1 × 1 device A

B
z
a
c
(μ

T
)

2𝑛𝑠 + 24𝐵𝑎/𝜙0

4𝐵𝑎/𝜙0

4𝐵𝑎/𝜙0

2𝑛𝑠

4𝐵𝑎/𝜙0 Relative 𝜃 accuracy: ±0.0002°

𝜃(𝑟) = 𝑎 3𝑛𝑠(𝑟)/8

2D maps 𝜃 accuracy: ±0.001°

(absolute global accuracy: ±0.005°)

-Bz
ac (µT)  J 

2-2 0

2 µm

device A

-3 -1 1 2-2
𝑛𝑒 (1012 cm-2)

0.2

0

0.4

-0.2

B
z
a
c
(μ

T
)
∝
𝐽

 -3  3  1 -1

device B

8-fold

4-fold

4-fold

8-fold

2-fold
4-fold

1-fold

Local SOT

QH equilibrium

currents at

a single point

at Ba=1.08 T

Spatial resolution: 50 nm

Determining the local twist angle

Local twist angle 1:13



-Bz
ac (µT)  J 

2-2 0

2 µm

device A

10 1550-5-10-15

Vbg (V)

30-2
Bz

ac (μT) x -7x -1 x 1x 7

0 2 31-1-2-4

ne / (ns / 4)x=0

4-3

x
 (

μ
m

)

2

1

0

device A

Correlated states are very fragile 

with respect to 𝜃 disorder

Twist-angle disorder 𝜃(𝑥) ∝ 𝑛𝑠(𝑥)

0 1 2
x (μm)

θ
(d

e
g

)

1.13

1.15

1.17

𝑛𝑠(𝑥) disorder

0 1 2
x (μm)

n
s

(1
0

1
2
 c

m
-2

)

3.2

3.3

3.4

dispersive

-ns ns

Small 𝑛𝑠

Large 𝑛𝑠
Large 𝜃

Small 𝜃

0 1 2
x (μm)

δ
n

d
(1

0
1
0
 c

m
-2

)

-2

0

2

Charge disorder 𝛿𝑛𝑑(𝑥)

-3 -1 1 2-2
𝑛𝑒 (1012 cm-2)

0.2

0

0.4

-0.2

B
z
a
c
(μ

T
)
∝
𝐽

 -3  3  1 -1

device B

8-fold

4-fold

4-fold

8-fold

2-fold
4-fold

1-fold

Local SOT

QH equilibrium

currents at

a single point

at Ba=1.08 T

Imaging LLs along a line

Line scan 2:27



-Bz
ac (µT)  J 

2-2 0

2 µm

device A

AFM

2 μm

LL tomography and 2D mapping of 𝜃

A. Uri et al., Nature 581, 47 (2020)



-Bz
ac (µT)  J 

2-2 0

2 µm

device A

-Bz
ac (µT)  J 

0.4-0.4

Twist-angle disorder  10%

Global transport 𝜃:

1.00 1.05 1.10 1.15 1.20

Twist angle θ (deg)

A
re

a
 f

ra
c
ti
o
n

0.0

0.2

0.05

0.1

0.15

1.06˚

device B

1.15˚

device A

Twist-angle disorder

Twist disorder 2:06

A. Uri et al., Nature 581, 47 (2020)



-Bz
ac (µT)  J 

2-2 0

2 µm

device A

-Bz
ac (µT)  J 

0.4-0.4

𝑛𝑒 (1012 cm-2)-5 2-4 -3 3 4-2

-4 -3 -2 2 3 41-1 𝑛𝑒/(𝑛𝑠/4)

4

2

0

B
a

(T
)

102 105

Rxx (Ω)
device A

-4 -3 -2 2 3 41-1 𝑛𝑒/(𝑛𝑠/4)

-3 2 3-2 𝑛𝑒 (1012 cm-2)

100 106

Rxx (Ω)

4

2

0

B
a

(T
)

device B

Pronounced Landau fans
SC without percolation

Full SC

Percolation physics

Percolation 1:44

Fragile correlated states

A. Uri et al., Nature 581, 47 (2020)



𝐵𝑎 = 1.22 TLandau levels

𝜇

 

DOS

 

DOS

  F

n-flat

p-flat

n
-d

is
p

n-flat

p-flat

n
-d

is
p

 L

CNP

 R

CNP

qV

 F =  + qV = 0

Vbg = 0Vbg > 0

Band structure disorder

Effective mass disorder

Symmetry breaking disorder

Large unscreened electric fields

QH edge states in the bulk

Gate tunable in-plane electric fields

𝐸∥ = 𝛻𝜇/𝑞

x (μm)

40 nm

   L < R

x (μm)

x (μm)

incom-

press.

compress. compress. compress.

E field

𝐽𝑇 current

charge

LL crossing

E field

V potential

Carrier density

Numerical 

calculation

Twist-angle disorder  – a new type of disorder

E field new disorder 4:34

A. Uri et al., Nature 581, 47 (2020)



Weizmann

Yuri Myasoedov

Aviram Uri

Sameer Grover

Kousik Bagani

Nadav Auerbach

Ella O. Lachman

MIT

Pablo Jarillo-Herrero

Daniel Rodan-Legrain

Yuan Cao

Cyprian Lewandowski

MPI Stuttgart

Jurgen Smet

Youngwook Kim

John Alex Crosse

Pilkyung Moon

NYU Shanghai 

Osaka 

Mikito Koshino

Kenji Watanabe

Takashi Taniguchi

NIMS

Martin Huber

UC Denver



𝜃-disorder map and LL tomography 

Background movie 0:47

A. Uri et al., Nature 581, 47 (2020)


