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| Light-Matter Interaction



Metamaterials and Plasmonic Phenomena
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® Composition
® Alignment

® Arrangement
® Density

® Host Medium

® Geometry/Shape
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Electronic Modules
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Analog vs Digital

George Boole
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iPhone

DOS

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

CoMaNR  CON 93,812 ©68-24-96 11:11a
AUTOEXEC BAT 13 11-14-02 12:37p
CONFIG O5YS 0 05-20-87 3:06a

3 file(s) 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

U Channel Capacity = Blog, (1 + ;j

C. Shannon
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j How about Metamaterials?

Complexity vs Simplicity

Modularization
Parameterization

Conceptualization
Cross Breeding









Metamaterial “Machines ”?

[Can we do Signal Processing?} H ow about
Solving Eqs?

o
© o

Cross Breeding
with other fields?

Metamaterial
Machine

How about
Pattern Recognition?

@

Can we do
mathematical
operation?




Photonics vs Electronics

Cross Breeding:
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“Modular Blocks ” in electronics
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q “Building Blocks” in Optics?
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“Lumped” Circuit
Elements in Nanophotonics?
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Optical Lumped Circuit Elements: @
Modular Blocks e

Metatronics Electronics
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Re(€)<0

Qo :

Im(g)=0

Engheta, Science, 317, 1698 (2007) Caglayan, Hong, Edwards, Kagan, Engheta, Phys. Reyv. Lett. (2013)
Engheta, Physics World, 23(9), 31 (2010) Sun, Edwards, Alu, Engheta, Nature Material, March 2012

Engheta, Salandrino, Alu, Phys. Rev. Lett. 95 (2005)



Examples

60 nm
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Electronic Circuit Design?

Circuit Formulas




Can we do this in Nano-Optics?

Circuit Formulas
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Can we do this in Nano-Optics?

Circuit Formulas
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Optical Filter with Nanorods

Si;N, Ag
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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, March 2012




Experimental Verification at IR

Circuit Theory Model

i
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Y. Sun, B. Edwards, A. Alu, and N. Engheta, Nature Materials, March 2012




Our Samples e

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

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




Collective Results

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




TCO NIR Metatronic Circuits
Fabrication and Experimental Results
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Nano-Opftics Circuit Boards

Electronic Metatronic
Circuit Board Circuit Board
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Experimental Verification of
Displacement-Current Wire e

arg(Eg)(rad)

=20
=30

=40
oA, 2%, 4r, 61, 8,
S

B. Edwards and N. Engheta, Physical Review Letters, May 7, 2012



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




Opftical Metatronics

R
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current or
voltage source c
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l capacitor inductor . resistor
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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Yagi-Uda Antennas

reflector
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Li, Salandrino, and Engheta, Phys. Rev. B , 76, 245403 (2007)




Optical “Yagi-Uda” Nanoantenna
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Nanoscale “Spectrometer” in mros
Molecular Spectroscopy

Nanoantenna Molecular Sensors
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Li, Salandrino, and Engheta, Phys. Rev. B, 2009




N (\y
o-—'[‘)"':‘_—jl_ §‘Ih AV
s = _l‘

H/L.

A~

Electric Field Probe on Side [ a. u. ]

Antennas, local oscillators, filters, switches, _
mixers, modulators, demodulators, etc. etc. By L]

Alu and Engheta, Phys. Rev. Lett, May 2010 Alu and Engheta, Nature Photonics, Vol. 2, May 2008



Experimental Verification

Harald Giessen’s group in collaboration with my group
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Region I: 0, >0
u. =150 meV

Region 2: o0, , <0
Uu. =65 mel

A. Vakil and N. Engheta, Science, 2011



One-Atom-Thick Signal Processing:
Fourier Transform

Vakil, Engheta, Phys. Rev. B, (2012)



Metasystems

Signal-Processing Metamaterials?



| Metamaterial Computing

Computing
Metamaterials
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Metamaterial Analog Computer?




| Fourier-Transform 5@@
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F(x,y): Fourier Transform| f(x,y)]

J. Goodman, Fourier Optics, 1994




| Metamaterial Computing

Computing ~ m
f (y ) - Metamaterials g g(y) dy

& i

“Differentiator” Metamaterial



1 Computing Metamaterial




| “Differentiator” Metamaterial

Computing
df (y ) J) —)[ Metamaterials }_) &)
dy

g(y)~

f(y) L2 F (5)

g(y)——G(y) o\ e
G(3) * (i) F(7)



! “Differentiator” Metamaterial

Metasurface

e(o)-e fi-[ (2. )] ]

()

A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014



GRIN(-) Output

| e, (v)/e,=u, (v)/ 1, =i[ A/ (27A) |in (=i / (2y))
A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




Metamaterial as Differentiator

1st Derivative (MS)

o))

"""""""""""""""""""""""""""""""""""""""""
rrrrrrrrrrrr

-0- Re(Sim.)(x2)
=0~ Im(Sim.)(x2)

Exact

A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




sms(y)/so = yms(y)/uo = i2[)to /(ZﬂA)]ln(—iW/(zy))

2nd Derivatiy€ (MS)

0.5
-0- Re(Sim.)(x3.8)
0.0 -0~ Im(Sim.)(x3.8)
-0.5 :
-SA Width 52

A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




Metamaterial as Integrator

sms(y)/so = ums(y)/uo = i[)to /(2ﬂA)]ln(iy/d)
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A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




Metamaterial as Convolver

gms(y)/ga = yms(y)/uo = i[)tu /(27‘5A)]ln[i/sinc(%y/(2sz))]

! Convolutigh (MS)

,‘, Z casasiibil] p(ml//lﬂ//////
NN,

-0- Re(Sim.)(x14)
=~ Im(Sim.)(x14)

-3 e
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A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




GRING) R output

e, (v)/e,=u, (v)/ 1, =i[ A/ (27A) |in (=i / (2y))
A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




e, (5) .= (), =i 2, () Jm( - 23)
A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014
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Green’s Function Approach

&g " R

Multilayered slab
1 2 3 e o o i e o o N

Input Output

L=4,
g =[rO"HG(y-y"dy'

A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




Green’s Function Approach

1 5(y)
: J

Unit impulse

A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014
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Green’s Function Approach

Multilayered slab
1 2 3 e o o i e o o N

5(y) lnPUt OUtpUt G(y)

Unit impulse ]r Engineered
X < > Green’s function

L=~4 of the slab
g =[fG(y-yHdy'

d”f(y) chf(y')é(z)(y—y')dy'

2
A. Silva, F, Momdyne, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




2" Differentiation: =
Green’s Function Approach i

AN

2nd Derivative

Input Output

— Re(Sim.)(X a1k02) === Exact
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1
4}
2 L

0 0
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A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014




2" Differentiation:
Green’s Function Approach

w==_Re(Sim.)(x as;ky?)
= |nput

A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu, N. Engheta, Science, Jan 2014
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| Light-Matter Interaction

(\A

W= o) 7 MW~ || |7
w < 2x/T Uv
k & 2n/ A

k — 277[ — \@ Metamaterials

N. Engheta, Science, 340, 286 (2013)



What will happen, if epsilon is near zero?

Maxwell Equations vV« g — —jwcE === VxH =0
VXE =iouH

2-D Scenario with TM polarization

H=H(x,y) u,
E= 1 VH(x,y)Xﬁ H
—iE ? ®
H = const. inside ENZ material. n=+&u —0

M. Silveirinha & N. Engheta, Phys. Rev. Lett. 97, 157403, Oct 2006
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What will happen, if epsilon is near zero?

Maxwell Equations vV« g — —jwcE === VxH =0
VXE =iouH

2-D Scenario with TM polarization

H=H(x,y) u,
| %

E=— VH(x,y)Xﬁ
—IlE

H = const. inside ENZ material. n=+&u —0



Ked

i What will happen, if mu is near zero?

O Maxwell Equations v« g — —jwcE

VXE=iouH === VxE=0
O 2-D Scenario with TM polarization

DY el

[=N
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NZ Supercoupling”

M. Silveirinha & N. Engheta, Phys. Rev. Lett. 97, 157403, Oct 2006

M. Silveirinha & N. Engheta, Phys. Rev. B., 76, 245109 (2007)

B. Edwards, A. Alu, M. Young, M. Silveirinha, N. Engheta, Phys. Rev. Lett., 100, 033903,
245109 (2008)

A. Alu, M. Silveirinha, N. Engheta, Phys. Rev. E., 78, 016604 (2008)

A. Alu, N. Engheta, Phys. Rev. B., 78, 045102 (2008)

A. Alu, N. Engheta, Phys. Rev. B., 78, 035440 (2008)




“Supercoupling” in Sub-i Channels

PEC

Einc
@}H &
Hinc

PEC

M. Silveirinha & N. Engheta, Phys. Rev. Lett. 97, 157403, Oct 2006




“Supercoupling” in Sub-1 Channels

y
Hinc

< ENPEC
PEC

PEC
PEC
PEC 1 Einc
Hinc
PEC

M. Silveirinha & N. Engheta, Phys. Rev. Lett. 97, 157403, Oct 2006




“Supercoupling” in Sub-1 Channels

y
Hinc

< ENPEC
PEC

PEC

PEC

PEC

(a, - a,)+ikyu, A,

) (al +a, ) —tkou, Ay,

Einc

Hinc

Im

PEC

M. Silveirinha & N. Engheta,
Phys. Rev. Lett. 97, 157403, Oct 2006




U-shaped Waveguide Transition & 3
Supercoupling (cont’d)

Transmission, S21
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Intuitive Explanation
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B. Edwards, A. Alu, M. Young, M. Silveirinha, N. Engheta, Phys. Rev. Lett., 100, 033903, 245109 (2008)




ENZ Structures
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Experimental Verification

B=wfue, e~ (4 W) — &,16=¢6-E1(4/ W)

00 I hjs== 3 I} B

B. Edwards, A. Alu, M. Young, M. Silveirinha, N. Engheta, Phys. Rev. Lett., 100, 033903, 245109 (2008)




IR gy,
... /

Experimental Verification e

B. Edwards, A. Alu, M. Young, M. Silveirinha, N. Engheta
Phys. Rev. Lett. 100, 033103 (2008)
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Waveguide Bends with Narrow
Channels




180-degree Waveguide Bends
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B. Edwards, A. Alu, M. Silveirinha, N. Engheta

Journal of Applied Physics, 2009




Waveguide Bends with Narrow
Channels

—— Amplitude

A. Alu, M. Silveirinha, N. Engheta, Phys. Rev. E., 78, 016604 (2008)




Plasmonic Channels and ENZ Tunneling
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A. Alu and N. Engheta
Phys. Rev. B, 78, 2008




Plasmonic Channels and ENZ Tunneling
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ENZ and Spontaneous Emission Rate of
Optical Emitters

A. Alu and N. Engheta, Phys. Rev. Lett. 103, 043902 (2009)
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Enhancement of Optical Emitters
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Enhancement of Optical Emitters

1.0+
— With implants
0.84 | = = -Noimplants
7 I —_ | No channel
p ' ;bg: ! ; e Random location

b+t :
o o 1 AN~ %
b) ) L, g 2

100 200 300 400 500
Frequency [ THz ]

a=b=200nm
a, =20nm

t=50nm

A. Alu and N. Engheta
Phys. Rev. Lett. 103, 043902 (2009)




ENZ and Purcell Effects

A. Alu and N. Engheta
Phys. Rev. Lett. 2009




ENZ and Purcell Effects
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Experimental Verification Using CL Spectroscopy

Collaboration with Albert Polman’s Group in AMOLF

Color CCD
Spectro .
meter filter

E. J. Vesseur, T. Coenen, H. Caglayan, N. Engheta, A. Polman Phys. Rev. Lett., 110, 013902 (2013)




Experimental Verification Using CL Spectroscopy

Collaboration with Albert Polman’s Group in AMOLF
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Experimental Verification Using CL Spectroscopy

Collaboration with Albert Polman’s Group in AMOLF
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E-beam position (pm)

Experimental Verification Using CL Spectroscopy

Collaboration with Albert Polman’s Group in AMOLF
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Experimental Verification ENZ Stack

Collaboration with Albert Polman’s Group in AMOLF
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Dielectric Sensing

A. Alu and N. Engheta, Phys. Rev. B., 78, July 2008
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Nonlinearity in ENZ Channels
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Graphene Conductivity
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Graphene Conductivity
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Graphene Conductivity
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SPP along Graphene
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Tailoring Conductivity and SPP
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Fresnel Reflection

T=3K, T =0.43 meV

mc; = 150 meV — g = 0.0009@ /0.0765 mS
m., = 6.5 meV — o , = 0.00390 /0.0324 mS

Vakil, Engheta, Science 332, 1291 (2011)



Inhomogeneous Conductivity
1 across Graphene
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One-Atom-Thick Waveguides
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One-Atom-Thick Optical “Fiber”
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Guiding Waves on one-atom-thick Platform
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Graphene SPP Lens
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One-Atom-Thick Signal Processing:
Fourier Transform

Vakil, Engheta, Phys. Rev. B, (2012)
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Graphene SPP Mirror



One-Atom-Thick SPP Reflector
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One-Atom-Thick SPP Reflector
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Graphene Metamaterials



One-Atom-Thick Scatterer
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One-Atom-Thick Metamaterials
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