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Ultrafast particle interactions could make
quantum information devices feasible

October 17 2019, by José Tadeu Arantes

Knowledge could contribute to the development of materials that prolong the
coherence time. Credit: FAPESP

Energy is information. Lengthening the time during which a system is
capable of retaining energy before losing it to the local environment is a
key goal for the development of quantum information. This interval is
called the "coherence time." Several studies have been performed with
the aim of retarding decoherence.

A study conducted by researchers at the University of Campinas's Gleb
Wataghin Institute of Physics IFGW-UNICAMP) in Sao Paulo State,
Brazil, and international collaborators set out to understand the
decoherence process on the femtosecond (10’15 s) timescale. An article
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describing the results was published in Physical Review Letters.

In the study, interactions between excitons (excited electrons) and
phonons (quantum units of vibrational energy in a crystal lattice) were
observed on the femtosecond timescale. A femtosecond is one
quadrillionth of a second.

The use of a revolutionary ultrafast spectroscopy technique with high
temporal and spectral resolution was fundamental to the success of the
study. Lazaro Aurélio Padilha Jr. was one of the principal investigators
for the project, and Diogo Burigo Almeida, then a postdoctoral fellow at
Michigan, was one of the main authors. The experiment was performed
with semiconducting nanocrystals dispersed in a colloidal solution at
cryogenic temperatures.

"We found that when the material is excited [by light], the light it emits
changes color in under 200 femtoseconds. This is due to interaction
between excitons and phonons. The excitons transfer part of the energy
they receive to the crystal lattice. This causes a change of frequency and
hence a change of emission color," Padilha said.

Their study was the first to observe this phenomenon. "It had never been
observed before because the amount of energy transferred from each
exciton to the lattice is tiny, corresponding to 26 millielectron volts
(26x107 eV), and the process takes a very short time, lasting under 200
femtoseconds (200x10-15 s). Similar phenomena have been observed
but on far greater timescales and due to other processes. We accessed
hitherto unknown physical relations," he said.

He and his research group long studied semiconductor nanomaterials
with sizes between 1 nanometer and 10 nm. A major challenge arises
when promoting the growth of these materials, as each individual unit
grows differently; hence, the spectrum of light emitted by the material
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after excitation is broadened, with the various components emitting at
slightly different frequencies, and the color of the emission is less
precise. When a single particle is isolated, the spectrum becomes
narrower, but signal detection is retarded. In other words, spectral
resolution is enhanced but at the loss of temporal resolution.

"About five years ago we began working with a technique that can pick
out subsets comprising a few thousand identical particles from a set of
1020 nm particles," Padilha said. "This has enabled us to achieve very
fine and precise spectral resolution, as well as fine temporal resolution.
In this study, we obtained single-particle spectral resolution for a group
of particles in an exceptionally short time."

As noted, this experimental solution enabled the researchers to access
hitherto unknown physical processes, such as the ultrafast exciton-
phonon interaction. It is worth recalling that in condensed matter
physics, the phonon is a quasi-particle associated with the quantum of
vibration that propagates in a crystal lattice.

There are no immediate technological applications for the results
obtained, but in the not-too-distant future, knowledge of physical
interactions on the femtosecond timescale can help scientists control the
structure of materials such that excitons retain energy from electrical or
light impulses for longer periods, retarding decoherence in quantum
systems.

"Prolonging coherence is key to the success of devices such as optical
switches and single-photon emitters," Almeida said. "Actually, what you
aim to do is reduce energy waste to a minimum. When the material
changes color, it means it's losing energy. We discovered that this loss is
extremely fast. That's what we want to delay."

More information: A. Liu et al, Non-Markovian Exciton-Phonon
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Interactions in Core-Shell Colloidal Quantum Dots at Femtosecond
Timescales, Physical Review Letters (2019). DOI:
10.1103/physrevlett.123.057403
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