Ballistic to Diffuse Transport Crossover in GaAs Quantum Wires:

A Key to Integrating Electronic Nanostructures
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Scientific Accomplishment
Using exceptionally high quality GaAs heterostructures, we have observed ballistic transport in quantum wires up to at least 5 m long.  Nanoelectronic devices hold the promise of integrating well developed conventional electronics with unprecedented control over the quantum nature of electrons.  To realize this promise, we must first understand the processes that disrupt quantum coherence as the number and size of the nanostructure elements are increased.  An excellent system to study how the size of the nanostructure alters the electronic properties is to measure the transport properties of quantum wires.  It is well known that the conductance of very short quantum wires exhibits a dramatic series of plateaus as the width of the wire is reduced.  After correction for contact resistance, the plateaus form steps that are spaced by integer values of 2e2/h, where e is the charge of the electron and h is Plank’s constant.  Quantized conductance steps indicate that electrons travel through the 1D wire without scattering.  For short 0.5 ( GaAs-based wires, over 14 quantized conductance steps are observed (left figure).  While the large number of steps testifies to the high quality of the quantum wires fabricated at Sandia, the short length limits the usefulness of coupling two or more short wires together.

We measured transport characteristics of very long quantum wires formed by restricting a 2D electron gas to a narrow constriction (0.5 m wide and 0.5 m to 25 m long).  The unconfined 2D system has a mobility exceeding 107 cm2/Vs corresponding to a mean free path in excess of 100 m.  In such high quality material, ballistic transport occurs even in wires up to 5 m long (right figure).  As the length of the quantum wire is increased scattering becomes important, and eventually a transition from ballistic to diffuse transport occurs.  The first indication that scattering occurs in the quantum wires is that the quantized steps are suppressed, and then wash away altogether.  In 10 and 20 m wires, clear plateaus are no longer present, indicating that the 1D mean free path, and thereby the ballistic-to-diffuse crossover is between 5 and 10 m. The decrease in the mean free path from 2D (> 100 m) to 1D (< 10 m) is due to the restricted phase space for scattering; in 2D, electrons can be slightly deflected, but in 1D only forward and backward scattering are allowed.  Magnetic field measurements  of long wires show that even though quantized steps are no longer visible, some ballistic behavior remains even for wires as long as 20 m.

Significance

For the high quality 1D wires fabricated at Sandia, electrons travel ballistically in quantum wires exceeding 5 m in length. The long 1D mean free path observed in single wires enables the fabrication of more complicated interacting nanostructures. These types of structures are expected to provide the basis for future ultra-low noise detectors and other novel electronics, possibly even quantum computing.
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