Nader Engheta
Special Thanks to
Andrea Alu
Humeyra Caglayan

TN T Uday Chettiar
Brian Edwards
Nikolina Jankovic
Mario Silveirinha
Yong Sun
Ashkan Vakil
Wenkan Zhu

February 15, 2012



Current Research Programs

Plasmonics
Nano-Optics

~4 /Nanoantennas
' in. Antennas

Metamaterials

Fields and Waves

Extreme-

Graphene
P Parameter

Metamaterials

Materials

Bio-Inspired
Imaging

One-Way Photon
Flow

] i’i@'




System Approach

Modularization

Parameterization

Standardization



Electronic Modules
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Analog vs Digital
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iPhone vs DOS

Uolume in drive A is BOOTDISK
Uolume Serial Number is 3565-18BE3
Directory of A:\

CoMaNe  CON 93,812 ©68-24-96 11:11a
AUTOEXEC BAT 13 11-14-82 12:37p
CONFIG S5YS 0 ©65-20-87 3:06a
3 filels) 93,825 bytes
8 dir(s) 1,147,392 bytes free

A:\Jc:

C:\onvf lash turbo.rom_

http://t0.gstatic.com/images?
g=tbn:ANd9GcQ2jC_aCeZHKyjVou0Q_x0OqOLG3FkyuW963_OLq
cMO07rId4EHAUSA




1 Claude Shannon & Channel Capacity

Transmitter Noise Receiver

Channel Capacity = Blog, (1 + %)
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| Light-Matter Interaction



“Natural " Materials
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® Composition
® Alignment

® Arrangement
® Density

® Host Medium

® Geometry/Shape
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Recent Metamaterials (2000-2011)

A PHYSICS TODRY

Smith, Schultz group (2000)

/ ‘H(TZZZ%‘Z

Positive outlook for
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Topics vs Parameters

Electronics J =0,E

Photonics D=cE
Magnetics B = uH
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Opt. Activity 5
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Metatronics vs Metamaterials
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“Modular Blocks ” in electronics
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q “Building Blocks” in Optics?
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Radio Frequency (RF) electronics
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Can We Have “Lumped” Circuit
Elements in Nano-Optics?
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Optical Lumped Circuit Elements: o

Modular Blocks
Metatronics Electronics
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Engheta, Physics World, 23(9), 31 (2010)
Engheta, Salandrino, Alu, Phys. Rev. Lett. 95 (2005) Engheta, Science, 317, 1698 (2007)




Examples
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Electronic Circuit Design?

Circuit Formulas




1 Can we do this in Nano-Optics?

-|J=C_§%R§L —> C —— R

Circuit Formulas

|
— @

Re(£)>0 Im(g);eO Re(£)<0




1 Can we do this in Nano-Optics?

-|J=C_§%R§L —> C —— R

Circuit Formulas
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Optical Filter with Nanorods

Si;N, Ag
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Alu, Young, and Engheta, Phys. Rev. B (2008)
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Stereo-Circuits

Different “Circuits” for Different “Views’

Salandrino, Alu, Engheta, JOSA B, Part 1,

Alu and Engheta, New Journal of Physics, 2009

Alu, Salandrino, Engheta, JOSA B, Part 2, 2007



W ="T5nm,125nm, 225nm

g ="T5nm

h=175nm, 250nm, 325nm

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




Experimental Verification at IR

Circuit Theory Model

l
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wire h
Whweg, \
par — !
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) W ="75nm,125nm, 225nm
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= L3 E
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Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, Jan 29, 2012




Our Samples w2

(b) ..fpv V1 =150.0 nm V2= 5.00 nm

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

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




Collective Results

e h=175nm | h=250nm
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Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, Jan 29, 2012



TCO NIR Metatronic Circuits
Fabrication and Experimental Results
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H. Caglayan, S.-H. Hong, C. Kagan, and N. Engheta, manuscript in preparation




Nano-Opftics Circuit Boards

Electronic Metatronic
Circuit Board Circuit Board
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Experimental Verification of
Displacement-Current Wire e
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B. Edwards and N. Engheta, submitted



From a “Filter " to a “Filter”




{1 y /4
From an Antenna  to an s
L2 ” /
Nanoantenna

Diameter: 50 nm Silver

Nanowaveguide

From: http://www.sparkmuseum.com

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




From a "Wireless Link” to a
“Wireless Link ” at the Nanosale

A. Alu and N. Engheta, Phys. Reyv. Lett. 2010




Opftical Metatronics
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current or
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Re(e) >0 Re(e) <O Im{e) =0

Engheta, Physics Worlds, 23(9), 31 (2010)
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Metatronics

Metatronics vs Metamaterials
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Building Blocks for
Metamaterials
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Nonlinear Metatronics
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| Back to Conductivity and Electronics ..

Electronics —> J=0E —> 0,>0

E-Displacement

Current —iweE —> RG(E) > () RG(E) <0
H-Displacement
Currenl," lC()/lH —> RC(/,{) > () Re(ﬂ) <(

O=0,+10,



Graphene
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Graphene Metatronics

One-Atom-Thick Stereo Circuits

If 0>0\_" > Inductor L ~

If o0,<0 —> meeilor C —— Vakil and Engheta, in progress




Inhomogeneous Conductivity
1 across Graphene

Graphene

si0, MAMAAMAE &

Si

IL.l c2 ‘u 1
Graphene

SRR

Si




From Transmission Line to Graphene ==
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S. A. Mikhailov, K. Ziegler, Phys. Rev. Lett. 99, 016803 (2007)

G. Hanson, J. Appl. Phys. 103, 064302 (2008)
M. Jablan, H. Buljan, M. Soljacic, Phys. Rev. B., 80, 245435 (2010)




Inhomogeneous Conductivity

Region 1: o0, >0 o, =0.0009 +:0.0765 mS
u, =150 meV

Region2: 0,, <0 0, =0.0039 - i0.0324 mS

U, =65 mel

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



One-Atom-Thick Waveguides

Region I: o0, ; >0

u, =150 meV
Region 2: 0, , <0
U, =65 meV

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



Region 1@ 0,, >0
u, =0.15elV

Region 2: 0, <0
u, =0.065elV

uc =0.15eV  [RBRI

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



Thinnest Metamaterials?

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



One-Atom-Thick Scatterer

Region 1: 0,, >0

u, =150 mel’ TR
Region 2: 0, <0

u, =65 melV

Graphené>""' i, \L \L \L +
_MM‘ Ground

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



n > n 1
SPP,2 SPP,1 GZ / SPP

A. Vakil and N. Engheta, ArXiv, 2011



Summary

Electronics J =0,E

Photonics D=cE
Magnetics B = uH

2 3
Nonlin. Opt. )(( ),---- )(( )

Opt. Activity 5
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Summary

. resistor
Im(e) #0

Inductor

l Re(e) <0

] capacitor
Re(e) >0

field, z component [A/m]




Thank you very much!



