
 

Researchers steer the flow of electrical
current with spinning light
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False-colored electron microscope image of the University of Minnesota device.
The blue area marks the topological insulator on top of the optical waveguide in
red. Credit: University of Minnesota

Light can generate an electrical current in semiconductor materials. This
is how solar cells generate electricity from sunlight and how smart phone
cameras can take photographs. To collect the generated electrical
current, called photocurrent, an electric voltage is needed to force the
current to flow in only one direction.

In new research, scientists at the University of Minnesota used a first-of-
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its-kind device to demonstrate a way to control the direction of the
photocurrent without deploying an electric voltage. The new study was
recently published in the scientific journal Nature Communications.

The study reveals that control is effected by the direction in which the
particles of light, called photons, are spinning—clockwise or
counterclockwise. The photocurrent generated by the spinning light is
also spin-polarized, which means there are more electrons with spin in
one direction than in the other. This new device holds significant
potential for use in the next generation of microelectronics using 
electron spin as the fundamental unit of information. It could also be
used for energy efficient optical communication in data centers.

"The observed effect is very strong and robust in our devices, even at
room temperature and in open air," said Mo Li, a University of
Minnesota electrical and computer engineering associate professor and a
lead author of the study. "Therefore, the device we demonstrate has
great potential for being implemented in next-generation computation
and communication systems."

Optical spin and topological insulators

Light is a form of electromagnetic wave. The way the electric field
oscillates, either in a straight line or rotating, is called polarization. (Your
polarized sunglasses block part of the unpleasant reflected light that is
polarized along a straight line.) In circularly polarized light, the electric
field can spin in the clockwise or counterclockwise direction. In such a
state, the particle of light (photon) is said to have positive or negative
optical spin angular momentum. This optical spin is analogous to the
spin of electrons, and endows magnetic properties to materials.

Recently, a new category of materials, called topological insulators (TI),
was discovered to have an intriguing property not found in common 
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semiconductor materials. Imagine a road on which red cars only drive on
the left lane, and blue cars only in the right lane. Similarly, on the
surface of a TI, the electrons with their spins pointing one way always
flow in one direction. This effect is called spin-momentum locking—the
spin of the electrons is locked in the direction they travel.

Interestingly, shining a circularly polarized light on a TI can free
electrons from its inside to flow on its surface in a selective way, for
example, clockwise light for spin-up electrons and counterclockwise for
spin-down electrons. Because of this effect, the generated photocurrent
on the surface of the TI material spontaneously flows in one direction,
requiring no electric voltage. This particular feature is significant for
controlling the direction of a photocurrent. Because most of the
electrons in this current have their spins pointing in a single direction,
this current is spin-polarized.

Controlling direction and polarization

To fabricate their unique device that can change the direction of a
photocurrent without the use of an electric voltage, the University's
research team integrated a thin film of a TI material, bismuth selenide,
on an optical waveguide made of silicon. Light flows through the
waveguide (a tiny wire measuring 1.5 microns wide and 0.22 micron
high) just like electrical current flows through a copper wire. Because
light is tightly squeezed in the waveguide, it tends to be circularly
polarized along a direction normal to the direction in which it flows.
This is akin to the spin-momentum locking effect of the electrons in a TI
material.

The scientists supposed that integrating a TI material with the optical
waveguide will induce strong coupling between the light in the
waveguide and the electrons in the TI material, both having the same,
intriguing spin-momentum locking effect. The coupling will result in a
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unique optoelectronic effect—light flowing along one direction in the
waveguide generates an electrical current flowing in the same direction
with electron spin polarized.

Reversing the light direction reverses both the direction of the current
and its spin polarization. And this is exactly what the team observed in
their devices. Other possible causes of the observed effect, such as heat
generated by the light, have been ruled out through careful experiments.

Future prospects

The outcome of the research is exciting for the researchers. It bears
enormous potential for possible applications.

"Our devices generate a spin-polarized current flowing on the surface of
a topological insulator. They can be used as a current source for
spintronic devices, which use electron spin to transmit and process
information with very low energy cost," said Li He, a University of
Minnesota physics graduate student and an author of the paper.

"Our research bridges two important fields of nanotechnology:
spintronics and nanophotonics. It is fully integrated with a silicon
photonic circuit that can be manufactured on a large scale and has
already been widely used in optical communication in data centers," He
added.

  More information: Siyuan Luo et al, Spin-momentum locked
interaction between guided photons and surface electrons in topological
insulators, Nature Communications (2017). DOI:
10.1038/s41467-017-02264-y
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