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Abstract
In recent years, the field of nanomechanics has developed rapidly, with advances in devices that are tiny, light, compact, and energy-efficient. This field has made its mark not only in fundamental physics, but also in applications such as sensing, signal processing as well as emerging quantum technologies. One of the most prominent applications of nanomechanics is the transport of information on the integrated phononic chips. In this setting, a key challenge is that nanoscale devices are rife with fabrication-induced disorders, leading to backscattering. This challenge can be tackled by applying the ideas from a completely unrelated field, topological physics. Topology deals with properties that are robust against smooth deformations. Theoretical and experimental advances in the study of waves in crystal systems have shown that these systems can be endowed with topological properties. These properties can be harnessed to engineer transport that is robust against disorder.

In our collaboration with Prof. Dr. Oskar Painter’s experimental group at Caltech, we demonstrate topologically protected phonon transport in a cavity optomechanical system. The field of cavity optomechanics deals with the interaction of electromagnetic radiation and mechanical vibration. Over the past decade, this field has been a game-changer in the broader areas of quantum optics and solid-state physics, showcasing wide-ranging applications such as entanglement of macroscopic systems, ground state cooling of mechanical oscillator, nonreciprocal transport, microwave-optical wavelength conversion, and synchronization. In this work, we introduce a novel design of an array of multi-scale optomechanical crystal, which are fabricated and characterized to detect for the first time thermal topologically protected phonons at near GHz frequencies. This work opens the route to apply extensive range of tools employed in cavity optomechanics to the area of topological transport.

Subsequently, we propose theoretical schemes to build increasingly robust future topological waveguides. A majority of the nanoscale implementations of the topologically protected bosonic (e.g. photons, phonons) waveguides do not break the time-reversal symmetry, which is an essential ingredient to obtain a perfect backscattering-resilient transport. The disorder in such devices, arising due to fabrication or sharp turn, can cause large quasi momentum backscattering between the two counter-propagating edge channels. We develop a novel theoretical scheme, involving semi-classical calculation as well as numerical simulation of the tight-binding lattice of harmonic oscillators, to investigate backscattering in one of the most important classes of topological systems, valley Hall effect. The central idea behind the scheme is that the backscattering of edge channel corresponds to the tunneling of the wave function in the reciprocal space. Our theory provides two predictions: (i) For a smoothly curved waveguide, effective scattering centres develop at locations determined by both the local slope of the waveguide and the energy, (ii) The backscattering of the valley Hall edge channels at a sharp corner exhibits fractal signatures, that arises due to the lattice geometry.

The concepts of topology can also be applied to areas of physics other than transport. In our collaboration with Prof. Dr. Eva Weig’s experimental group at University of Konstanz, we demonstrate topological singularities in the polarization patterns of a collective motion of the nanomechanical pillar array. Each pillar in the array acts as a two-dimensional harmonic oscillator, therefore it features an elliptical trajectory in the presence of an external drive. These elliptical motions of all the coupled pillars in the array forms a pattern, in analogy with the pattern of elliptically-polarized electric (or magnetic) fields at the cross-section of a travelling electromagnetic wave. The 2D pattern consists of the linearly polarized lines (L-lines) and the circularly polarized points (C-points), that are topological in nature and, thus, protected against disorder. In our work, we directly image the collective pillar motions, enabling us to analyze the emerging polarization patterns and detect candidates of C-points. This work unlocks a new phenomena in mechanical systems, that has already led to several novel ideas and applications in the optical domain.

In conclusion, we demonstrate how concepts of topology can be fruitfully employed to analyze the transport phenomenon and polarization patterns in nanoscale devices despite the inherent disorder. The robustness against disorder endowed by their topological nature make the systems studied in this thesis promising platforms for future integrated phononic (or photonic) chips.
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