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            Abstract
Metamaterials are artificially engineered structures that have properties, such as a negative refractive index1,2,3,4, not attainable with naturally occurring materials. Negative-index metamaterials (NIMs) were first demonstrated for microwave frequencies5,6, but it has been challenging to design NIMs for optical frequencies and they have so far been limited to optically thin samples because of significant fabrication challenges and strong energy dissipation in metals7,8. Such thin structures are analogous to a monolayer of atoms, making it difficult to assign bulk properties such as the index of refraction. Negative refraction of surface plasmons was recently demonstrated but was confined to a two-dimensional waveguide9. Three-dimensional (3D) optical metamaterials have come into focus recently, including the realization of negative refraction by using layered semiconductor metamaterials and a 3D magnetic metamaterial in the infrared frequencies; however, neither of these had a negative index of refraction10,11. Here we report a 3D optical metamaterial having negative refractive index with a very high figure of merit of 3.5 (that is, low loss). This metamaterial is made of cascaded â€˜fishnetâ€™ structures, with a negative index existing over a broad spectral range. Moreover, it can readily be probed from free space, making it functional for optical devices. We construct a prism made of this optical NIM to demonstrate negative refractive index at optical frequencies, resulting unambiguously from the negative phase evolution of the wave propagating inside the metamaterial. Bulk optical metamaterials open up prospects for studies of 3D optical effects and applications associated with NIMs and zero-index materials such as reversed Doppler effect, superlenses, optical tunnelling devices12,13, compact resonators and highly directional sources14.
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                    Figure 1: 
                        Diagram and SEM image of fabricated fishnet structure.
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Figure 2: 
                        SEM image of NIM prism and schematics of experimental setup.
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Figure 3: 
                        Experimental results and finite-difference time-domain simulations.
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Figure 4: 
                        Dispersion relations, field plots and transmission for the 3D fishnet structure.
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Figure 5: 
                        Figure of merit for the 3D fishnet structure.
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        Editorial Summary
Metamaterials: a glimpse of invisibility
Metamaterials are artificially engineered structures that can have properties, such as negative refractive index, not attainable with naturally occurring materials. The first demonstrations of negative refractive index metamaterials (NIMs) were at microwave frequencies, but a wide range of applications, for example in imaging and directional light sources, would open up if optical NIMs were available. So far, only thin, effectively two-dimensional optical metamaterials have been demonstrated, limiting device applications. Valentine et al. now report a three-dimensionally optical metamaterial, a multilayered, cascaded 'fishnet' structure, which unambiguously exhibits negative refractive index over a broad spectral range. A prism constructed with this material demonstrates negative refraction of visible light, and is easily probed from free space, paving the way for practical optical device applications. One day perhaps even the 'invisibility cloak' much touted in the media when this paper was published AOP.
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