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D = E
B = H

We were taught that =0

What if and  can take any value and/or 
depend on the local coordinates?
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http://www.tkk.fi/Yksikot/Sahkomagnetiikka/kuvia/Vesela
go2.jpg

Viktor G. Veselago

Materials with Negative Permittivity and 
Permeability?

n2 

n  

Permittivity () is a measure of how an electric field affects and 
is affected by a dielectric medium.
Permeability () is the degree of magnetization that a material 
obtains in response to an applied magnetic field

If <0 and <0 simultaneously, from considerations of wave propagation, n 
needs to be negative 

Excellent Review: Science 305 (2004) 
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http://www.imagico.de/pov/metamaterials.php
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“Transformation Optics”

David Smith, Duke

Sir John Pendry
circa 2000

Schurig,et al., Science 314, 977 (2006)

• For RF (~3GHz), cm

• We need to create sub-wavelength 
“inductors” and “capacitors”

~cm’s

http://www.multitel.be/newsletter/mn72005/image
s/nl3_Metamaterials_type1.jpg
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Unit Cell Dimension = 6 m pitch
SRR Dimension = 3 m
Resonance wavelength ~ 22 m

Unit Cell Dimension = 14 m pitch
SRR Dimension = 8 m
Resonance wavelength ~ 50 m

3D Optical MMs: Membrane Projection 
Lithography 

Advanced Materials, 22: 5053–5057 (2010)
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A Non-Metallic Path to Low Loss 
Metamaterials: Dielectric Resonators

Electric Magnetic

Images: A. Miroshnichenko

Magnetic dipole resonance: tailor 
Electric dipole resonance: tailor 

Annalen der Physik, 1909

(Ack: Ed Kuester, 
CU Boulder) 

Gustav Mie
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Lumerical FDTD

=32, edge = 1.53 m, gap = 100 nm

Periodic BC in x & z, 15 cubes thick in y
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 = 15 m

2.6 m

Incident waves
Hx at top of unit cell (z=1.3 m)

Full Wave Simulation of Propagation 
Through Split Cube Array
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 = 7.5 m

Hx at top of unit cell (z=1.3 m)

Incident waves

2.6 m

48 m
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Outline

•Tunable Metasurfaces: overview

•Control of Strong Coupling for tunable behavior 

•Harmonic generation from metallic metasurfaces 
coupled to intersubband transitions in semiconductor 
quantum wells

•Optical Magnetic Mirrors

•Harmonic generation from all-dielectric metasurfaces

Al2O3

n~3.5 GaAs

n~1.6
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“Metasurfaces”

Nature Photonics 8, 889 (2014)

Boeing RF NIM

3D 2D

(Bonn)

The “Split Ring Resonator”

0 
1

LC

Resonant Frequency:

Even for different shapes, many metallic resonators behave like LCR circuits (or “antennas”)
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Optical Modulators, Tunable Filters
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Optical Modulators, Thorlabs Tunable Filters
Microwave, Lorch

near-IR, Santec
Spatial Light Modulator
Holoeye

“
T

H
z
”

(m)

f (THz)
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• SRRs made on InSb substrates with different doping

• Experimentally observed doping dependent resonance
o A resonance shift of 1.15 um (1 × 1016 cm-3 → 2 x 1018 cm-3)

Tuning Metasurfaces Using Semiconductors

APL 96, 1 2010
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Controlled Coupling as Tuning Mechanism

MM resonators create strong optical fields 
that lead to strong coupling

Optical Phonons: Nano Letters 11, 2104 (2011)
Intersubband Transitions: Nature Communications 4, (2013) 
Epsilon Near Zero modes: Nano Letters 13, 5391 (2013)
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How to Create A Dipole Transition Using 
Semiconductor Heterostructures

Semiconductor A

Semiconductor B

(Sugiyama, NTT)
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•Scalable (far IR to near
IR), Mature, Versatile



Interlude 1: Semiconductor 
Heterostructures are all around us!

• Transistors in every modern chip

• All semiconductor lasers

– DVD, Blue-ray

– Every data channel in a fiber is driven by a 
semiconductor laser (cell phone calls need 
quantum mechanics)

• Every LED!

(or quantum mechanics  in our daily lives)

Opt. Exp. 22, 463 (2014)

Home Depot
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Strong Coupling to Intersubband 
Transitions in Quantum Wells

Opt. Express 20, 6584 (2012), 
APL 98, 203103 (2011)
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Alex Benz
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Strong Coupling Results

Nature Communications 4, (2013)
Phys. Rev. B 89, 165133 (2015)
Nanolett.15, 1959 (2015)
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Electrically Tunable Strong Coupling

Appl. Phys. Lett. 103, 263116 (2013)
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Resonant Optical Nonlinearities: 
Intersubband Transitions in Quantum Wells

F. Capasso, C. Sirtori, and A.Y. Cho, IEEE J. Quantum Electron. 30, 1313 (1994)

~250 nm/V  - QWs

10s of pm/V - LiNbO3
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Electronic levels and wavefunctions 
can be engineered with 
semiconductor heterostructures

Resonant optical nonlinearities can be engineered too: 
Caveats: 
(2) comes with (1) too! 
χ(2)

zzz only 

Boyd, Ashkin, et al,  Physical Review,
137(4A), A1305 (1965)
Almogy & Yariv, Optics Letters (1994)

No SHG for L>~ 1/
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Metasurfaces Coupled to Resonant χ(2)

“cavities”

(2) media

Resonators are designed to have 
resonances at 30 & 60 THz (5&10um)
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Salvo Campione
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• Saturation is an issue
• Max. conversion efficiencies of few % are possible
• Added functionality is the advantage

Nature Communications 6, 7667 (2015) 

Omri Salvo
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flipping induces π phase shift
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•Cavities radiate polarized light
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Dielectric Metasurfaces…
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Interlude…..

What is a mirror?

(Disney)

(zonelandeducation.com)

“Regular” mirrors invert the phase of the reflected wave

A “magnetic mirror” does not
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How to Create a “Magnetic Mirror”

We need a “perfect magnetic conductor”; it does not exist in nature  

Array of magnetic dipoles

Because the magnetic dipole responds in phase with the electric field, this 
represents an artificial magnetic conductor

I can create magnetic dipoles with Dielectric Resonators operating at 
the magnetic dipole resonance



28

Optical Magnetic Mirror

1.53x1.53x1.7m3

Phys. Rev. Lett. 108, 097402 (2012)

Tellurium
n~5 in the IR

A Metasurface (dielectric)
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Optical Magnetic Mirror
Measure Absolute Phase of Reflected Wave

Measured at ~9mOptica 1, 250 (2014)
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Huygens Metasurface

Huygens Principle (Love formalism): Huygens sources 
radiate unidirectional as superposition 
of electric and magnetic dipoles 

(with I. Staude & Y. Kivshar, 
Adv. Opt. Mat. 2015

Using dielectric resonators, we can 
achieve this

• Complete 2π phase range in transmission

• Near-unity transmittance for ideal MS

• No reflection losses, no absorption losses (NIR)

• No polarization conversion losses

• Single step lithography fabrication
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Huygens Metasurface Phase 

Plate: Vortex Beam
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Nonlinear Optics with Dielectric 
Metasurfaces
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Optical Nonlinearities (THG) in Si Dielectric 
Metasurfaces

(With ANU & Moscow State

Nano Letters (2015)

Strong enhancement near magnetic dipole 
resonance

Silicon  is passive & has no (2)
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Etch maskEpitaxially grown: MBE, MOCVD

Etching

OxidationAl2O3

n~3.5 GaAs

n~1.6

All III-V Dielectric Metasurfaces

Sheng Liu

1 μm

2 μm
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GaAs Dielectric Resonators (1 layer)

GaAs disk height ~300nm

Different diameters

• Extremely low loss below 
bandgap

• Crystalline
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Simultaneous SHG & THG….
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Center for Integrated 
Nanotechnologies: CINT

Center for Nanophase Materials 
Sciences
Oak Ridge National Lab.

Center for Integrated 
Nanotechnologies
Sandia National Labs.
Los Alamos National 
Lab.

Molecular Foundry
Lawrence Berkeley National 
Lab.

Center for Nanoscale 
Materials
Argonne National Lab.

Center for Functional
Nanomaterials
Brookhaven National Lab.

• one of five U.S. Dept. of 
Energy Nanoscience Centers
• Between 150 and 300 active 
user projects

User facility: free to use

http://cint.sandia.gov
38
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