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Big Twist Leads to Tunable Energy

Gaps in a Bilayer Stack

n-doped Si

21.8° moire crystal
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30° moiré quasmrys‘cal

Left: Schematic of the experimental setup at the ALS. Monolayers of tungsten diselenide (WSe,)
were twisted with respect to each other on a thin (~3 nm) layer of hexagonal boron nitride (hBN) and
a conducting substrate of n-doped silicon. Top right: A smaller twist angle results in a crystalline
moiré pattern, characterized by identical repeating units that can be translated from one spot to the

next to fill space. Bottom right: At a larger angle, the moiré pattern takes on the character of a

quasicrystal, which has a more complex, aperiodic order that lacks translational symmetry. Red and
blue dots represent atoms in the top and bottom layers, respectively.

A new frontier in moiré physics
The discovery of emergent electronic
properties in stacks of two-dimensional
materials has led to a surge in efforts to
engineer layered heterostructures with
new functional properties. One fascinating
twist in the story was the revelation that,
by slightly rotating two layers with respect
to each other, a moiré-effect “superlattice”
can be generated. This extra level of
organization induces modifications to the
material’s electronic properties that could
prove to be useful—in optoelectronic
applications, for example. Thus far, most
superlattices investigated have been in
bilayers with small twist angles that result
in a crystalline moiré pattern,
characterized by repeating unit cells.

In this work, a form of 2D material was
created by twisting the layers at a larger
angle, leading to an aperiodic
“quasicrystalline” moiré lattice with a
more complex structure and whose
electronic properties are hard to predict.
The material was characterized using
advanced spectroscopic techniques

that demonstrated the presence of rich
band-structure features—valleys and
minigaps—that present opportunities
for tuning electronic properties. The
results establish bilayers with large twist
angles as a viable platform for exploring
“moiré physics.”

The search for valleys

and minigaps

Here, researchers produced moiré
quasicrystals from tungsten diselenide

Scientific
Achievement

Using a combination of probes,
including nanoscale spectroscopy
at the Advanced Light Source
(ALS), researchers found that
twisting 2D layers at atypically
large angles opens up potentially
useful energy gaps in the material’s
band structure.

Significance
and Impact

The results suggest a new way

to tune materials for opto-
electronic applications and provides
a platform for exploring novel
“moiré” phenomena beyond those
observed at small twist angles.

(WSe,) bilayers twisted at a 30° angle.
They used scanning tunneling
spectroscopy (STS) to probe the density
of electronic states at several points

on the quasicrystal surface. At each
location, peaks in the density of states
were assigned to specific maxima and
minima (both known as “valleys”) in the
band structure.

By analyzing this data, the researchers
could infer the positions and sizes of
minigaps—small splittings in band
crossings that open up due to the
interactions of valleys in the top and
bottom layers. This was very exciting
because one could conceivably tune the
minigaps (e.g., by doping) to affect the
absorption or emission of light. However,
before the minigaps could be conclusively


https://docs.google.com/document/d/1t0lO2EVT91ynVP8LONb4FNLIxt94asy74-pNaVnbaU8/edit?usp=sharing

attributed to band-structure splitting (as
opposed to, say, disorder or defects in the
material), more information was needed.

NanoARPES experiments
at the ALS

To obtain definitive proof that the
minigaps are features of the material’s
intrinsic electronic structure, nanoscale-
resolution ARPES experiments were
performed at ALS Beamline 7.0.2.
Complementary to the STS data, where
measurements reveal the presence of
valleys and minigaps in the material
averaged over real space, ARPES directly
measures not just the energy but also the
momentum of electrons, and thus is
capable of revealing the band structure in
momentum space. The nanoARPES
experiments were extremely challenging,
but were made possible by the high quality
of the beamline and the expertise of the
staff at the ALS.

With the nanoARPES data, the
researchers were able to demonstrate a
clear correspondence between STS peaks

Schematic of a three-dimensional band disper-
sion showing a minigap formed by the interac-
tion of valleys from the top (red) and bottom
(blue) layers of twisted bilayer WSe,.
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Comparison of feature assignments between constant-current STS (CCSTS) and nanoARPES.
(a) CCSTS data showing peaks associated with K- and I"-valleys in WSe,. (b) K-valley spectrum from
the nanoARPES measurements. (c) M-valley spectrum from the nanoARPES measurements.

and specific valleys in the band structure
(the K-valley and the I-valley), and that the
places where the K-valleys intersect is
where the STS data revealed minigaps.
When put together, the consistency of the
results eliminates other possible

explanations for the STS data. Overall, the
results show that large-twist-angle moiré
quasicrystals like WSe, exhibit a rich
interplay of valley and spin degrees of
freedom that can provide new tuning
knobs for optical and transport properties.
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