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Altered States in Graphene
Heterostructures
Hofstadter’s Butterfly
In his Pulitzer Prize–winning book,
“Gödel, Escher, Bach,” Douglas
Hofstadter referenced a striking,
butterfly-shaped fractal image
(“Gplot”) that arose from his Ph.D.
thesis work in solid state physics.
Published in a 1976 scientific paper,
Gplot was Hofstadter’s highly
idealized answer to the question,
“What are the allowed energies of
electrons in a crystal in a magnetic
field?”

Schematic comparison of band structures in graphene and graphene/h-BN. Left: In graphene,
first-generation Dirac cones meet at a sharp point. Right: Second-generation Dirac cones with
gaps appear in graphene/h-BN. Second-generation Dirac cones are believed to be crucial for
understanding intriguing quantum phenomena such as Hofstadter’s butterfly. The opening of
small bandgaps means that the material can act as a semiconductor, an important property for
use in electronic devices.

For materials scientists and physicists, weakly interacting two-dimensional
layers are ideal building blocks. Stacking
such materials in clever ways can
produce heterostructures that exhibit
novel, potentially beneficial properties
not found in any of the constituent materials alone. To explore this phenomenon,
researchers performed angle-resolved
photoemission spectroscopy (ARPES)
studies at the ALS on epitaxial graphene
deposited on a substrate of hexagonal
boron nitride (h-BN). The results directly
reveal for the first time that interaction
between the graphene and h-BN alters
electronic states in the heterostructure,
generating new spectral features (i.e.,
second-generation Dirac cones) and
inducing a bandgap in the graphene,

greatly improving its suitability for
advanced, ultralow-power device
applications.
Graphene and h-BN both have honeycomb-like hexagonal lattice structures.
However, the h-BN honeycomb is slightly
larger, by 1.8%. Therefore, a periodic
moiré pattern forms when these two
materials are layered together. With a
relatively large periodicity (about 56
times the normal graphene crystal periodicity), this moiré pattern acts as a
superlattice, effectively applying a more
slowly varying periodic potential to the
system. In addition, because the boron
and nitrogen atoms in h-BN differ from
the carbon in graphene, inversion
symmetry is broken in this
heterostructure.

At the time, Hofstadter was skeptical
that his purely mathematical
butterfly would emerge from any
experimental data. In fact, it took
nearly 40 years before researchers
spotted it in 2013, in samples of
graphene layered upon hexagonal
boron nitride. It turns out that
graphene/h-BN is an excellent
system for creating and studying the
novel quantum phenomena that
emerge from complex nanostructures. The butterfly data thus
demonstrated a high degree of
control in the engineering of new
materials composed of stacked
two-dimensional planes. By analyzing
the band structures of these new
materials, former ALS doctoral fellow
Eryin Wang and his colleagues make
important strides toward future
device applications as well as
improve upon our knowledge of
fundamental physics.

The effects of the superlattice potential on the electronic properties of
graphene/h-BN have been predicted to
result in various novel quantum
phenomena, including the emergence of
a new set of “second-generation” Dirac
cones (which are crucial to the realization
of Hofstadter butterfly states under an
applied magnetic field), and the opening
of bandgaps at Dirac points (necessary if
graphene is to be used in practical
devices). However, the locations and
shapes of the second-generation Dirac
cones and the effect of inversion
symmetry breaking on the opening of
gaps have been highly debated.
Previous studies provided evidence
for the existence of second-generation
Dirac cones, but it was mainly indirect
evidence derived from scanning
tunneling microscopy and transport
measurements, which provide energy-resolved information only, leaving the
momentum component ambiguous. The
results also led to controversial conclusions about the existence of bandgaps.
Using ARPES at ALS (formerly Beamline 12.0.1, now Beamline 10.0.1),
researchers were able to reveal directly
for the first time the electronic spectrum
of second-generation Dirac cones and
resolve gaps induced by the breaking of
inversion symmetry. The momentum
separation between the first- and
second-generation Dirac cones was on
the order of 0.05 Å-1, which is only
around 2% of the graphene Brillouin
zone. Thus, to resolve the detailed band
structure, they needed very high quality
ARPES data from a high-quality sample
with an extremely clean surface. They
successfully developed an effective
process for obtaining clean samples after
a year of trial and error. The flexibility of
the small preparation chamber at the
beamline proved valuable in easing the
learning curve.
The results showed that the secondgeneration Dirac cones were located at
the superlattice Brillouin zone corners
and at one of its two valleys. Due to the
inversion symmetry breaking, gaps of
about 160 and 100 meV were observed

Left: Schematic drawing of the band structure in graphene/h-BN, including second-generation Dirac
cones and gaps ∆1 and ∆2 induced at first- and second-generation Dirac points. Right: ARPES data
reveal gap openings at first- and second-generation Dirac points.

at the first- and second-generation Dirac
points, respectively. The gap sizes of both
were much larger than predicted theoretically, indicating that the interaction
between the graphene and h-BN was
stronger than previously expected.
The work conclusively demonstrates
that layering graphene and h-BN effectively modifies the electronic properties
of the graphene, making it more suitable

for device applications than graphene
alone. More generally, the work highlights
the important role of a strong inversionsymmetry-breaking perturbation potential in the physics of graphene/h-BN and
fills critical knowledge gaps in the bandstructure engineering of Dirac fermions by
a superlattice potential. More functionality from stacking such two-dimensional
building blocks awaits discovery.
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