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Single-layer behavior and its breakdown in twisted graphene layers1

ADINA LUICAN-MAYER, Argonne National Laboratory

Stacking order plays a major role in the electronic properties of graphene layers because hopping between carbon atoms in
neighboring layers is a key ingredient in their band structure. Twisting the layers away from the equilibrium Bernal stacking,
which produces the superstructures known as Moiré patterns in scanning tunneling microscopy, decreases the overlap between
atoms in adjacent layers and therefore significantly alters their electronic properties. Using scanning tunneling microscopy
and spectroscopy, we obtained direct evidence for the electronic structure of twisted graphene layers.2 The samples were
membranes of CVD grown graphene and graphite crystals which contain areas with various twist angles. In topographic
images the regions where layers are twisted away from Bernal stacking exhibit Moiré patterns with periods which depend on
the twist angle. We find that the density of states on the twisted layers develops two Van Hove singularities that symmetrically
flank the Dirac point at an energy that depends on the twist angle. High magnetic field scanning tunneling microscopy and
Landau level spectroscopy of twisted graphene layers reveal that for twist angles exceeding ∼3 degrees the low energy carriers
exhibit Landau level spectra characteristic of massless Dirac fermions. Above 20 degrees the layers effectively decouple and
the electronic properties are indistinguishable from those in single-layer graphene, while for smaller angles we observe a
slowdown of the carrier velocity which is strongly angle dependent.3 These results are compared with theoretical predictions.
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