
 

Theoretical modeling illuminates a new
nonlinear Hall Effect
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(a) Shows how the materials are layered in the heterostructure with six magnetic
MBT septuple layers (SLs) and BP layers on top and bottom. (b) Shows atom
arrangement in a single MBT SL. (c) Shows atom arrangement in BP. Credit:
U.S. Department of Energy Ames National Laboratory

An international team of researchers including a team from the Center
for the Advancement of Topological Semimetals (CATS), an Energy
Frontier Research Center under the U.S. Department of Energy's Office
of Science led by Ames National Laboratory, experimentally
demonstrated a new type of nonlinear Hall effect. This Hall effect is
driven by the quantum metric, which defines the distances between
electronic wavefunctions inside a crystal.

The experimental work was led by scientists at Harvard University while
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the theoretical modeling was developed at Ames Lab. This project
provides the first experimental proof of the nonlinear Hall effect, which
has only been theorized to this point.

Peter Orth, who led theory efforts at Ames as part of the CATS project,
explained that the theoretical modeling was necessary to understand what
was happening during the experiment. Orth and postdoctoral scholar
Thais V. Trevisan utilized their expertise to unravel the complex
interactions revealed by the experiments.

The material used for this research consists of manganese-bismuth-
tellurium (MnBi2Te4 or MBT). To see the phenomenon, Orth explained
that the specimen must have a special symmetry. Orth said, "But if you
just take pure MBT, this phenomenon is actually zero by symmetry." So,
the experimentalists added layers of black phosphorus (BP), which has a
different symmetry, on the top and bottom of the MBT. The BP interacts
with the MBT, breaking the symmetry and resulting in a nonzero
nonlinear Hall response.

According to Orth, the goal of this experiment was to understand the
origin of the quantum metric nonlinear Hall effect. They wanted to
understand if it is driven by lattice strain or by electronic mixing
between MBT and BP layers.

"Our contribution was to theoretically model this system. This is pretty
challenging because we have these two materials, MBT and BP which
have different lattice constants and different symmetries", Orth said.
"It's like an engineering challenge."

"When you interface two systems, you have basically one lattice
imposing strain on the other system and reducing the symmetry. That's
like an effect where you shift the atoms around," Orth explained. "Or
you could have electronic coupling, so the electrons hop from one lattice
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layer to the other part of the system and hop back, and it would be more
like a mixing of the electronic states."

Incorporating both the lattice strain and electronic mixing into the model
made it even more complex, "But this electronic mixing is very
important in order to capture these experimentally observed effects,"
Orth said. The calculations revealed that the phenomenon comes from
both the strain between the two different lattices and electronic mixing
with different experimental features associated with the two
mechanisms.

The team was successful in their proving that the experimental results
originate from the quantum metric nonlinear Hall Effect. CATS
Director and ISU Professor Rob McQueeney said, "The results are at the
heart of what we are trying to achieve in CATS. New materials with
exciting and predictable responses such as the quantum metric Hall
effect await discovery and may ultimately serve as future platforms for
electronic components or sensors."

This research is further discussed in "Quantum metric nonlinear Hall
effect in a topological antiferromagnetic heterostructure," written by
Anyuan Gao et al, and published in Science.

  More information: Anyuan Gao et al, Quantum metric nonlinear Hall
effect in a topological antiferromagnetic heterostructure, Science (2023). 
DOI: 10.1126/science.adf1506
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