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graphene is a playground for 
textbook quantum effects

• Berry phase


• Klein tunnelling


• atomic collapse


• Zitterbewegung


• Hofstadter butterfly

Bloch oscillations

1929

deduced from Bloch’s general theory by Zener

1934
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Bloch oscillation of a wave packet
period T=2π ħ/aF


follows from 2π/a 
periodicity of the 
band structure, 
and ħ dk/dt=F N

JP
 6

, 2
 (2

00
4)

Can we observe it in 
DC transport?

first observation in 1992 by THz spectroscopy
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network model of twisted 
bilayer graphene (1)
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network model of twisted 
bilayer graphene (2)

quasi-1D regime 
(open orbits, AB osc.)

2D regime (closed 
orbits, no AB osc.)

De Beule, Dominguez & Recher, PRL 125, 096402 (2020)

Nano Letters 20, 971 (2020)

Nature Comm. 10, 4008 (2019)
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mapping onto a quantum walk (1)
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quasi-1D regime: no loops, x-
coordinate increases by a/2 
between scattering events, so we 
can map x onto t=(2x/a)t0


forward scattering with probability Pf

1D quantum walk with time step 
t0=a/v and “coin operator” 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eigenvalues

include the phase shift from a magnetic field:

equivalent to “electric quantum walk”
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Bloch oscillations in DC transport

weak-field magnetoconductance oscillations with 
narrow contacts (W≈ 0.25µm, L≈7µm)




Carlo Beenakker, Instituut-Lorentz, Leiden University

9
Magnetic breakdown

A magnetic field drives a wave packet in the 
direction of the arrows. Points of magnetic 
breakdown (tunneling between two equi-
energy contours) are encircled. The resulting 
open orbits are responsible for the Bloch 
oscillations.
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Magnetic breakdown

Coupling of different open orbits 
produces “side branches” of the Bloch 
oscillations.
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what is this “beating” effect? 
quantum interference???
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Magnetic breakdown

semiclassical theory: PRB 106, 235413 (2022)
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• Bloch oscillations can be observed in DC transport in the network of domain walls 
in twisted bilayer graphene


• mapping of open orbits in a magnetic field onto electric quantum walk


• the magnetic field confines the electrons sideways over a length ∝1/B


• breathing mode observable as weak-field (mT) magnetoconductance oscillations


• point contact needed to resolve the oscillations

Bloch oscillations go magnetic
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