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Major Goals: Contemporary nonlinear optics grounds itself on the concept of electromagnetic waves with CO-
DIRECTED phase velocity and energy flux which is typical for all natural isotropic materials. A majority of widely
used linear and nonlinear photonic devices exploit this concept. The advent of the nanotechnology has made
possible the creation of the metamaterials that enable generation of the electromagnetic waves with CONTRA-
DIRECTED energy flux and phase velocity that are referred to as BACKWARD electromagnetic waves. Such
uncommon property has opened novel avenues in linear geometrical optics towards the extraordinary applications
such as the subwavelengths resolution, the clocking of objects, etc. Similar revolutionary breakthroughs are
anticipated in COHERENT nonlinear optics where matching of phase velocities of the CONTRA-PROPAGATING
coupled waves plays a crucial role. A MAJOR GOAL of this project was the exploration of such possibilities. It was
aimed at the studies towards the basic principles of nanoengineering of the prospective metamaterials and at the
investigations of the particular properties of the second harmonic generation, parametric amplification, switching,
changing the propagation direction and frequencies of pulses of the entangled photons by making use of the
backward light waves in the proposed metamaterials. The outcomes should pave the pathways to the novel
extraordinary possibilities to control the light waves.

Accomplishments: We have shown that a deliberately engineered dispersive metamaterial slab can enable the
coexistence and phase matching of ordinary fundamental and contra-propagating backward second harmonic
electromagnetic waves. Energy flux and phase velocity are contra-directed in the backward waves, which is the
extraordinary phenomenon that gives rise to unique nonlinear optical propagation processes. We have
demonstrated that frequencies, phase, and group velocities, as well as the losses inherent to the guided
electromagnetic modes supported by such metamaterial, can be tailored to maximize the conversion of frequencies
and to reverse the propagation direction of the generated second harmonic wave. Such a possibility, which is of a
paramount importance for nonlinear photonics, is proven using a numerical model describing the hyperbolic
metamaterial made of carbon nanotubes standing on the metal surface. Extraordinary properties of the backward-
wave second harmonic generation in the reflection direction and of the corresponding frequency doubling meta-
reflector in the THz are investigated with a focus on the pulsed regime. Most important details can be found in our
paper recently published in ACS Photonics, 2017 (uploaded).

We have proposed the metamaterial that supports a mixture of three or more normal and backward
electromagnetic modes with equal co-directed phase velocities and mutually contra-directed energy fluxes. This
enables extraordinary three-wave mixing, greatly enhanced optical parametric amplification, and frequency-
changing generation of entangled photons in the reflection direction. Proof-of-principle numerical simulations of
such processes have been presented based on the example of the wave-guided terahertz waves contra-
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propagating in the metaslab made of carbon nanotubes. Most important details can be found in our paper recently
published in Optics Letters, 2017 (uploaded).

We have shown that the opposite direction of phase velocity and energy flux in backward waves gives rise to
extraordinary transient processes due to greatly enhanced optical parametric amplification and frequency up- and
down-shifting nonlinear reflectivity. The differences are illustrated through comparison with the counterparts in
ordinary, co-propagating settings. Most important details can be found in our paper published in Optics Letters,
2016 (uploaded).

One of the important outcomes of the project is the proposed approach which is fundamentally different from the
current mainstream in engineering the negative-index metamaterials. We have shown that the model of the
proposed metamaterials employed in our simulations can be generalized and applied to nanoengineering the
metamaterials made of nanostructures of different shapes, architectures, and materials. Such subsequently
advanced metamaterials would support the coexistence of the tailored positive and negative dispersion of the
guided electromagnetic waves while providing their phase matching and decreased losses in novel broad
frequency ranges.

Theoretical studies and numerical simulation were employed to achieve the stated goals. Nonlinear partial
differential equations were used to investigate nonlinear optical propagation processes in the proposed
metamaterials with focus on the pulsed regimes.

The outlined accomplishments demonstrate novel pathways to manipulating light and to the creation of miniature
nonlinear photonic devices with extraordinary properties operating through extended frequency bands.

Training Opportunities: As the research progressed, the results were discussed with graduate and PhD students
and presented on the Purdue University website.

Results Dissemination: Results were disseminated through publications in leading topical journals, open
electronic archives, talks at numerous international conferences and seminars for graduate and PhD students, and
on the Purdue University website.
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