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Surfing the waves: Electrons break law to go
with the flow
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The T-shaped microchannel device consists of three reservoirs with a T-junction
linking them. Credit: Okinawa Institute of Science and Technology

If you see people walking down a street and coming to a junction, it's
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difficult to predict which direction they might take. But, if you see
people sitting in separate boats, floating down a stream, and the stream
splits into two channels, it's likely that most, if not all, of them will be
carried down one channel, the channel that has the stronger flow.

Scientists in the Quantum Dynamics Unit at Okinawa Institute of
Science and Technology Graduate University (OIST) are looking at
something similar, but their research is at a much smaller scale. They're
running experiments to see how the motion of electrons is impacted by
fluid. This study was published in Physical Review Letters.

Professor Denis Konstantinov, who runs the Unit, demonstrated the
concept with a piece of wire. "If we run an electric current through a
piece of wire, then we know that the electrons will move from one end
to the other. If we split the wire into two, half of electrons will flow
down one side, and the other half will flow down the other."

This is due to Ohm's law, a physics law, which states that electric current
is proportional to voltage and inversely proportional to resistance, so if
the resistance equally distributes between two channels, half the
electrons will go down each channel.

"But," Professor Konstantinov explained. "If the electrons are sitting on
liquid, rather than in a solid, they might break Ohm's law. That's what
we wanted to measure."
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When an electron is sitting in superfluid helium, it can become trapped in a
dimple of the fluid and form a ripplopolaron. Scientists wanted to see if this
would alter the electron’s behavior. Credit: Okinawa Institute of Science and
Technology

This theory comes from the concept of a polaron, which is an electron
that's "dressed" by a cloud of the medium it's sitting in. This makes it
heavier, slower and changes its behavior. Previously polarons have been
discussed in terms of ionic crystals in solids, but much more rarely in
liquids.

The researchers used superfluid helium, which has several unique
properties. For example, it remains in a liquid form at temperatures
down to absolute zero, when any other liquid would freeze, and behaves
like fluid with zero viscosity, or no resistance. Electrons would only be
able to sit on top, rather than sinking. Thus, it provided the researchers
with a 2-D electron system.
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They created a tiny structure, on the scale of micrometers, of three
reservoirs connected by a T-junction, and slightly submerged this
structure in superfluid helium.

As the electrons moved and disturbed the liquid, they created capillary
waves, or ripples. At high electron densities, the electrons became
trapped in the shallow dimple of the waves. These are slightly different
from the traditional polarons, so the researchers called them
ripplopolarons, inspired by their similarities to ripples on water.

"Ohm's law states that the electrons should split at the T junction," said
Professor Konstantinov, "But, due to momentum conservation, the flow
of fluid should keep going down the straight path. We theorized that the
ripplopolarons—the trapped electrons—would break Ohm's law and all
be carried in the same direction."

The ripplopolarons continued straight, rather than splitting at the junction, which
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would be the normal behavior of electrons. Credit: Okinawa Institute of Science
and Technology

The researchers applied an electric field, which moved the
ripplopolarons out of the left reservoir. As they moved along the
channel, they came to the junction, and could either turn and go to the
side reservoir or continue straight to the right reservoir.

It was as the researchers predicted. The ripplopolarons continued straight
from the left reservoir to the right reservoir, following momentum
conservation rather than Ohm's law.

However, this law-breaking behavior only occurred in certain situations.
The density of electrons had to be high, or the ripplopolarons wouldn't
form, and the temperature had to be low, or the waves would simply
pitter out. When the researchers ran the experiment in the opposite
direction, they found the same unidirectional movement, but when they
ran the electrons out of the side reservoir, they found that the
ripplopolarons would crash into the wall at the top, the waves would
disappear and the [now-free] electrons would once again follow Ohm's
law.

Although there are applications for understanding how electrons operate,
this experiment was mainly driven by curiosity. "We wanted to know
how electrons are influenced by the medium they're in," said Professor
Konstantinov, "For us, it was the discovery that was exciting. But it's also
important that we understand these properties. Electrons in fluids could
be useful when it comes to building qubits, the tiny parts that make up
quantum computers. If we could use electrons in fluids for qubits, we
could create a flexible, moveable architecture for the computers."
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More information: A. O. Badrutdinov et al. Unidirectional Charge
Transport via Ripplonic Polarons in a Three-Terminal Microchannel
Device, Physical Review Letters (2020). DOI:
10.1103/PhysRevl ett.124.126803
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