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Report Title

Final Report for ARO-MURI project "Tunable and reconfigurable Optical Negative-Index Materials with Low
Losses"

ABSTRACT

Abstract

Below we highlight the most important breakthroughs and developments accomplished within this 5-year long MURI project (for a more
detailed list see the annual reports):

*  Negative-index metamaterials in the optical range, from near-IR to the visible have been demonstrated.

*  Negative-index metamaterial with gain completely compensating losses has been demonstrated in the visible (red) part of the spectrum.
*  Bulk 3D metamaterials with negative refraction have been developed.

*  Negative refraction in semiconductor based metamaterials has been shown.

*  Artificial metamagnetics across the entire visible part of the spectrum have been experimentally shown.

*  World’s smallest SPASER-based nanolaser has been demonstrated

*  Nanolaser based on the hybrid gap mode confining light between a semiconductor amplifying nanostructure and a metal has been
demonstrated

*  Theoretical prediction and experimental realization of magnifying far-field hyperlens

*  The carpet-cloak has been experimentally realized

*  Tunable magnetic metamaterials have been demonstrated. We have demonstrated by theories and experiments that nonlinear and
electro-optical liquid crystals may be applied in enabling tuning capabilities to metamaterials over a very broad spectral regime from the
visible to the infrared. We showed that by using laser induced order parameter as a means of modifying the nematic birefringence, the
switching processes can be realized at microseconds — nanoseconds speed.

*  We have designed, developed, and experimentally demonstrated several novel optical switching and modulation photonics devices
based on liquid crystals infiltrated nano-plasmonic structures, where the laser induced plasmonic near fields, in conjunction with applied ac
filed give rise to novel optical switching, transmission and filtering operations that are not possible in passive plasmonic structures.

* It has been shown that anisotropic metamaterials can be emulated by tapered waveguides, which opens up numerous applications
including cloaking

*  Broadband optical cloaking using tapered waveguides have been experimentally demonstrated for the visible part of the spectrum

*  The transformation optics technique was used to design a family of novel devices including an optical black-hole, a wave collimator,
far-zone and near-zone focusing flat optical lenses, a right-angle bend for propagating beam fields, a three-dimensional polarization rotator,
and others.

«  Based on the transformation optics approach, we demonstrate that a microlens may act as a two-dimensional fish-eye or an inverted
Eaton lens. An asymmetric inverted Eaton lens may exhibit considerable image magnification, which has been confirmed experimentally.

*  The singular photonic density of states in hyperbolic metamaterials has been predicted; first preliminary experiments support the theory
*  We demonstrated that metamaterials with hyperbolic dispersion (h-MMs) can be used to study metric signature transitions and the
cosmological “Big Bang”.

* A theory for basic nonlinear optical processes in NIMs and in double-domain positive/negative-index metamaterials has been
developed. This includes optical parametric amplification, bistability, second-harmonic generation, novel solitons, etc. Light pulse dynamics
in NIMs in the presence of losses and amplification and extremely short pulse propagation in nonlinear NIMs have been studied. Loss
compensation with NL amplification has been shown.

*  Resonant field-enhancement phenomena and universal energy absorption at the interface n=0 for a material with a refraction index n
passing through n=0 continuously, was discovered.

*  Metamaterials based on Si photonic crystals (PhCs) have been developed

*  We have demonstrated mechanically tunable photonic crystal lens.

*  The field of optical metamaterials has been linked to that of celestial mechanics, thus opened the way to investigate light phenomena
reminiscent of orbital motion, strange attractors and chaos, in a controlled laboratory environment.

»  Experimental observation of nonlinear negative refraction at optical frequencies using four-wave mixing (4WM), wherein the incident
and negatively refracted beams are at different frequencies, fully fulfilling the Snell’s law.
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Below we highlight the most important breakthroughs and developments accomplished within this 5-year long MURI project
(for a more detailed list see the annual reports):
* Negative-index metamaterials in the optical range, from near-IR to the visible have been demonstrated.
» Negative-index metamaterial with gain completely compensating losses has been demonstrated in the visible (red) part of
the spectrum.
+  Bulk 3D metamaterials with negative refraction have been developed.
* Negative refraction in semiconductor based metamaterials has been shown.
+ Artificial metamagnetics across the entire visible part of the spectrum have been experimentally shown.
*  World’s smallest SPASER-based nanolaser has been demonstrated
* Nanolaser based on the hybrid gap mode confining light between a semiconductor amplifying nanostructure and a metal
has been demonstrated
»  Theoretical prediction and experimental realization of magnifying far-field hyperlens
*  The carpet-cloak has been experimentally realized
+  Tunable magnetic metamaterials have been demonstrated. We have demonstrated by theories and experiments that
nonlinear and electro-optical liquid crystals may be applied in enabling tuning capabilities to metamaterials over a very broad
spectral regime from the visible to the infrared. We showed that by using laser induced order parameter as a means of
modifying the nematic birefringence, the switching processes can be realized at microseconds — nanoseconds speed.
+  We have designed, developed, and experimentally demonstrated several novel optical switching and modulation photonics
devices based on liquid crystals infiltrated nano-plasmonic structures, where the laser induced plasmonic near fields, in
conjunction with applied ac filed give rise to novel optical switching, transmission and filtering operations that are not possible in
passive plasmonic structures.
+ It has been shown that anisotropic metamaterials can be emulated by tapered waveguides, which opens up numerous
applications including cloaking
»  Broadband optical cloaking using tapered waveguides have been experimentally demonstrated for the visible part of the
spectrum
»  The transformation optics technique was used to design a family of novel devices including an optical black-hole, a wave
collimator, far-zone and near-zone focusing flat optical lenses, a right-angle bend for propagating beam fields, a
three-dimensional polarization rotator, and others.
+ Based on the transformation optics approach, we demonstrate that a microlens may act as a two-dimensional fish-eye or
an inverted Eaton lens. An asymmetric inverted Eaton lens may exhibit considerable image magnification, which has been
confirmed experimentally.
+  The singular photonic density of states in hyperbolic metamaterials has been predicted; first preliminary experiments
support the theory
*  We demonstrated that metamaterials with hyperbolic dispersion (h-MMs) can be used to study metric signature transitions
and the cosmological “Big Bang”.
» Atheory for basic nonlinear optical processes in NIMs and in double-domain positive/negative-index metamaterials has
been developed. This includes optical parametric amplification, bistability, second-harmonic generation, novel solitons, etc.
Light pulse dynamics in NIMs in the presence of losses and amplification and extremely short pulse propagation in nonlinear
NIMs have been studied. Loss compensation with NL amplification has been shown.
+ Resonant field-enhancement phenomena and universal energy absorption at the interface n=0 for a material with a
refraction index n passing through n=0 continuously, was discovered.
*  Metamaterials based on Si photonic crystals (PhCs) have been developed
+  We have demonstrated mechanically tunable photonic crystal lens.
+ The field of optical metamaterials has been linked to that of celestial mechanics, thus opened the way to investigate light
phenomena reminiscent of orbital motion, strange attractors and chaos, in a controlled laboratory environment.
+  Experimental observation of nonlinear negative refraction at optical frequencies using four-wave mixing (4WM), wherein the
incident and negatively refracted beams are at different frequencies, fully fulfilling the Snell’s law.
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There are 95 papers, in total, published in conference proceedings and non-peer reviewed
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The project participants had numerous presentations on their work on the project which includes
97 presentations in total which were invited, keynote, or plenary.



