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•  Motivation: Optical Negative-Index Metamaterials (NIMs) 

•  Metal-SC core-shell NSs & NWs: 
    3D/2D bulk Opt. NIMs & ZIMs? 

•  Other light-scattering properties 
 Transparent Metallo-dielectric NWs 

•  Making it VISIBLE 

•  Conclusions       
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Optical Metamaterials	



Conventional approach: ~SRR 
Complex Metal Nanostructures 

•  Negative Electric response: obvious (metal NPs) 
•  Negative Magnetic response ! Big challenge  

Shalaev, Nat. Phot.  2010 

NanoSRRs, paired nanorods,  
nano-fishnet… 

Optical Bulk Negative-index Metamaterials 

BRINGING METAMATERIALS 
TO OPTICS: 
- ANISOTROPY 

- POLARIZATION DEPENDENCE 

- THREE-DIMENSIONALITY 

- METALS: 
- HIGH LOSSES 
- SATURATION OF MAGNETIC RESPONSE 

Other approaches: NWs, Metasurfaces,… 
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Optical Negative-index Metamaterials 

New approach: Magnetic resonances of  
high-dielectric index semiconductors 

Si Sphere r~200 nm: Mie 
Si Rings, Rods: static model 

García-Etxarri et al, Opt. Express 2011 Jelinek & Marqués, JPCM 2009 
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Magnetic Light: EXP✓ 
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Optical NIMs: Single core-shell NSs	



Negative electric 
Optical Negative-index Metamaterials 

Semiconducting Shells: 
Magnetic resonance Si Sphere r~200 nm: Mie 

Paniagua-Domínguez, López-Tejeira, Marqués, JASG, NJP 2011 

Metal Core: LSP 
Electric resonance 

Negative Magnetic 

Ag/Si Core-Shell NSs 
E,M resonances survive & overlap?? 
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Optical NIMs: Single core-shell NSs	



Semiconducting Shells: 
Magnetic resonance 

Ag/Si core-shell Sphere 
r,R~50,170 nm: Extended Mie 

Paniagua-Domínguez, López-Tejeira, Marqués, JASG, NJP 2011 

Metal Core: LSP 
Electric resonance 

Ag/Si Core-Shell NSs 
YES, E,M resonances SURVIVE & OVERLAP? 

+ = 



Nanolight’2014, Benasque (Spain) 

Optical NIMs: core-shell NS ARRAYS	



Paniagua-Domínguez, López-Tejeira, Marqués, JASG, NJP 2011 

Periodic arrangement, Effective parameters !NIMs? 

Ag/Ge core-shell Spheres r,R~55,190 nm, d=385 nm 

FEM calcs 

NIM OK, but…?? 

Up to 21 u.c. 
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Optical NIMs: core-shell NSs	



Optical NIM, 
3D  

highly isotropic  

But… 
Moderate losses 

Challenging fabrication 
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2D Analogy 

Optical NIMs: core-shell NWs 

in-plane isotropy… 
but polarization dependence! 

Paniagua-Domínguez, Abujetas, JASG, Sci. Rep. 2013 
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2D Analogy: E,M resonances overlap?! Yes 

Optical NIMs: core-shell NWs 

Ag@Si, R = 170 nm 

Paniagua-Domínguez, Abujetas, JASG, Sci. Rep. 2013 
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Optical NIMs: core-shell NWArrays 

Rin = 90 nm 

Paniagua-Domínguez, Abujetas, JASG, Sci. Rep. 2013 

Ag/Si Core-Shell NW array 
~Isotropic (Δθ~50o), Ultra-low losses (fom≤200) 

Ag/Si core-shell NW 
r,R~80,190 nm 

Array, d=350 nm 
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Optical NIMs: core-shell NWArrays 

Ag/Si Core-Shell NW array 
What if disordered? ! ROBUST✓ 

Ag/Si core-shell NW 
r,R~80,170 nm 

Hex. Array, d=350 nm 
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Optical ZIMs: core-shell NWArrays?? 

Rin = 90 nm 

Ag/Si Core-Shell NW array 
n~0??,  low-losses?? 

n~0 
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Optical ZIMs??	



Lower filling fraction 
(core-shell NWs) 

…or 

Similar, doubly (E,H) resonant 
(but weaker) Nanostructures...  

Simple dielectric NWs 
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Optical ZIMs: Single dielectric NWs	



Electric (a1) & 
Magnetic (a0) resonances 

TiO2 Cylinder R=180 nm (Mie) 

TiO2 NWs 
YES, weak (E,M) resonances can roughly OVERLAP 
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Optical ZIMs: NW Arrays	



TiO2 Cylinder R=180 nm, λ=750 nm 
(COMSOL) 

TiO2 NW arrays 
Slab…                    Beam               Plane–to-Cyl 
                        splitter               converter 
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Core-shell M@D NPs 

Directional Scattering, Fano interference, 
Superscattering & cloaking,… 

Other optical properties: Theoretical proposals 
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Invisible NWs? 

~Approx (quasi-static) 
TRANSPARENCY conds 
Alú & Enghetta PRE 2005 

Alú et al NJP 2010 
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Transparent core-shell NWs 

Froufe-Pérez, Paniagua-Domínguez, Abujetas, Saenz, JASG, Opt. Exp. 2013 

Ag@Si Core-Shell NW ~Low Qscatt?? 

Ag@Si NWs,  
R= 45 nm 

~Broad (incidence, polarizaton) angles!! ~Approx (quasi-static) 
TRANSPARENCY conds 
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Transparent core-shell NWs 

Froufe-Pérez, Paniagua-Domínguez, Abujetas, Saenz, JASG, Opt Exp. 2013 

Ag@Si NWs,  
Rs=13.6 nm 
Rc= 45 nm 

Ag@Si Core-Shell NW arrays 
~weak coupling ✔ !TRANSPARENCY ✔ 
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Making it VISIBLE 

Low-loss, high-index  
("n, #k) 

SEMICONDUCTORS 
InAs✔ 

" E,M resonances 
"Size  

and/or 3-layers 
(Wu et al, Opt. Exp. 2013) 

Low-loss NIMs & ZIMS 1.5 µm 

0.5 µm 

Size: Irrelevant if <<λ 
(only aspect ratio) 

Moderately large  
index contrast 

Low-loss 
SEMICONDUCTORS/

OXIDES✔ 

Transparent Metal NWs 

Low-loss metal 
core: Ag✔ 
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Concluding remarks	


New approach:  

magnetic resonances in high-index semiconductors 
+LSP metal NPs 

Optical Negative-Index Metamaterials (NIMs) 
3D core-shell NSs                                          2D core-shell NWs 
Fully isotropic,                                 Ultra-low losses, isotropic, 
moderate losses                                  polarization dependent  

      

Fabrication!! 
   

   

Other phenomena: 
Transparency 
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