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Parameterization 

System Approach 



Electronic Modules 
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Analog vs Digital 
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iPhone vs DOS 

http://t0.gstatic.com/images?
q=tbn:ANd9GcQ2jC_aCeZHKyjVou0Q_xOq0LG3FkyuW963_OLq
cM07rld4EHAUsA 



Claude Shannon & Channel Capacity 
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Development of Antennas 

From: http://www.sparkmuseum.com 

in in inZ R iX= +

oZ

R. W. P. King S. A. Schelkunoff 



Light-Matter Interaction 

ε
µ

(2) ,....χ (3)χ

ξ

M

σ



“Natural” Materials 



“Artificially” Engineered Materials 

● 

Particulate Composite Materials 
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● Composition 

● Alignment 

● Arrangement 

● Density 

● Host Medium 

● Geometry/Shape 



Recent Metamaterials (2000-2011) 

Smith, Schultz group (2000) 

Boeing group 

Shalaev group (2005) Brueck group (2005) 

Wegener group (2009) 

Zhang group (2008) 

Giessen group (2008) 

Atwater group (2007) 



Topics vs Parameters 
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“Metatronics” 

Electronics Photonics/ 
Microwaves 

Concept of 
Metamaterials 

Metatronics vs Metamaterials 

Building Blocks for 
Metamaterials 



“Modular Blocks” in electronics 

L

C

R



“Building Blocks” in Optics? 

Optics 

Waveguide 

Lens 

Mirror 

from: D. Prather's group



Can We Have “Lumped” Circuit  
Elements in Nano-Optics? 

L C R

Nano-Optics 

? ? ? ? ? 

Radio Frequency (RF) electronics 



Optical Lumped Circuit Elements: 
Modular Blocks 
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Engheta, Science, 317, 1698 (2007) Engheta, Salandrino, Alu, Phys. Rev. Lett. 95 (2005) 
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Examples 
60 nm
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Electronic Circuit Design? 
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Circuit Formulas 



 
 

Can we do this in Nano-Optics? 

R LC C R L
 
 

Circuit Formulas 
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Can we do this in Nano-Optics? 
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Circuit Formulas 
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Optical Filter with Nanorods 
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Engheta, Science, 317, 1698 (2007) Alu, Young, and Engheta, Phys. Rev. B (2008) 
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“Stereo-Circuits” 
Different “Circuits” for Different “Views” 

Alu and Engheta, New Journal of Physics, 2009 
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Salandrino, Alu, Engheta, JOSA B, Part 1, 2007 
Alu, Salandrino, Engheta, JOSA B, Part 2, 2007 



Experimental Verification at IR 

75 ,125 , 225W nm nm nm=

75g nm=

175 , 250 , 325h nm nm nm=

Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, Jan 29, 2012 
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Experimental Verification at IR 

Circuit Theory Model 
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Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, Jan 29, 2012 



Our Samples 

Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, Jan 29, 2012 



“Parallel” and “Series” Optical Circuits 
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Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, Jan 29, 2012 



Collective Results 

“empty circle”:    Experimental data 
“Thick line”:        Circuit theory 
“Thin line” :         Full wave 
simulation 

Magenta:       w ~ 75 nm,    g ~ 75 nm 
Royal blue:   w ~ 125 nm,   g ~ 75 nm 
Red:              w ~ 225 nm,   g ~ 75 nm 
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h ≈ 325nm h ≈ 250nm h ≈ 175nm 

Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, Jan 29, 2012 



TCO NIR Metatronic Circuits 
Fabrication and Experimental Results 

w=380nm 
g=120nm  
h=150nm 
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H. Caglayan, S.-H. Hong, C. Kagan, and N. Engheta, manuscript in preparation 



Nano-Optics Circuit Boards 

Electronic 
Circuit Board 

Metatronic 
Circuit Board 

ENZ

Air Groove Nanoelement

Alu and Engheta, Phys. Rev. Lett., 2009 



Experimental Verification of 
Displacement-Current Wire 

B. Edwards and N. Engheta, submitted 



From a “Filter” to a “Filter” 
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From an “Antenna” to an 
“Nanoantenna” 

From: http://www.sparkmuseum.com 

Diameter: 50 nm Silver 
Nanowaveguide 

A. Alu and N. Engheta, Phys. Rev. B. 2008 



From a ”Wireless Link” to a 
“Wireless Link” at the Nanosale 
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A. Alu and N. Engheta, Phys. Rev. Lett. 2010 



Optical Metatronics 
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Metatronics 

Metatronics vs Metamaterials 

Building Blocks for 
Metamaterials 

K
K
K

K
K
K

M M M M M M

M M M M M M



Nonlinear Metatronics 

Electronics Metatronics 
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Back to Conductivity and Electronics 
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Graphene 

http://math.ucr.edu/home/baez/graphene.jpg 
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Graphene Conductivity 

G. Hanson, J. Appl. Phys. 103, 064302 (2008) 
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Graphene Conductivity 

G. Hanson, J. Appl. Phys. 103, 064302 (2008) 
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Graphene Metatronics 

Vakil and Engheta, in progress  

One-Atom-Thick Stereo Circuits 
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Inhomogeneous Conductivity 
across Graphene 
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From Transmission Line to Graphene 

http://math.ucr.edu/home/baez/graphene.jpg 
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SPP along Graphene 
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Inhomogeneous Conductivity 

,Region 1: 0g iσ > 1 0.0009 0.0765 mSg iσ = +

1 150c meVµ =

,Region 2: 0g iσ < 2 0.0039  0.0324 mSg iσ = −

1 65c meVµ =

A. Vakil and N. Engheta, Science, 332, June 2011 



One-Atom-Thick Waveguides 
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A. Vakil and N. Engheta, Science, 332, June 2011 



One-Atom-Thick IR Splitter 
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A. Vakil and N. Engheta, Science, 332, June 2011 



Thinnest Metamaterials? 

A. Vakil and N. Engheta, Science, 332, June 2011 



One-Atom-Thick Scatterer 
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A. Vakil and N. Engheta, Science, 332, June 2011 



One-Atom-Thick Metamaterials 
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A. Vakil and N. Engheta, Science, 332, June 2011 



One-Atom-Thick Fourier Optics 

A. Vakil and N. Engheta, ArXiv, 2011 
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Summary 
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Thank you very much!  


