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Materials with Negative Permittivity and Permeability
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Negative Refraction



positive index of refraction negative index of 
refraction

http://www.imagico.de/pov/metamaterials.php

Negative Refraction



“Transformation Optics”

D. Smith, Duke

J. Pendry



How to make a “Metamaterial”
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from: Pendry, Contemporary Physics, 
45:3, 191 - 202

“Dilute” a metal to control electric permittivity 
()

o

2

p
m

ne


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

LC “Resonators” to control magnetic permeability ()

from; S. McMeekin, Proc. Of SPIE, Vol. 6581

H

Combine the two:

http://www.multitel.be/newsletter/mn7
2005/images/nl3_Metamaterials_type
1.jpg



Other devices:
• Perfectly matched absorber
• Beam splitters
• Negative index lens
• Sub-wavelength imaging
• …..

Cloaks

cloak design RF experimental 
validation (2D)

Optics

flattened Luneberg 
lens design

RF experimental 
validation (2D)

Optical transparency is a key requirement for many devices

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

Kundtz and Smith, Nature Materials  (2009)

“New” Optics Enabled by Metamaterials



Optical Metamaterials
C. M. Soukoulis, M. Wegener, Nature Photonics (2011)

Burckel et al, Advanced Materials 2010
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NS32032: 1st 32 bit microprocessor

6 Engineers, a few 10K transistors

Intel's 15-core Xeon IvyBridge-EX, 
4.3 billion transistors!

VLSI, National Semiconductors



Bell Labs
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• Ultrafast
• THz
• Fiber Telecom

(B. Juang, G. Tech)
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Tellium (2000-2002)

-All-Optical MEMS cross-connect

Praelux/Amersham/GE (2002-2004)

-Single molecule DNA sequencing
-High throughput microscopy



Solid State Lighting “Energy 
Frontier Research Center” (<2014)

• Enhanced Spontaneous Emission
• Nanowire Lasers (III-N)

300nm

GaN

Plasmonics
• Sensors (gas)
• Biosensing

Nanophotonics, etc
• Energy transfer in QDs
• QD “solids” 

At Sandia: Other Activities in 
Nanophotonics

13

w/NMSU



Outline

• Metallic Metasurfaces

– Tuning

– Strong Coupling

– Nonlinearities

• All Dielectric Metasurfaces

– Fundamentals

– Optical Magnetism

– Directional Emission, Fano Resonances,  and 
third-harmonic Generation

14



Why Tunable Metasurfaces?

15

Potential for planar optical devices: modulators, tunable filters, etc.

(NASA)

(Cedip)

(JPL)

Examples: hyperspectral imaging

Mechanical filters!



Examples of Tunable Metamaterials
(Metasurfaces)

• Electrical tuning based on semiconductor device structures is 
more technologically appealing for practical, chip-scale 
applications

Mechanical movement or 
stretching

Phase transitions in VO2 Optical free carrier generation

I. M. Pryce, Nano Lett (2010) A. Minovich, APL (2012)

T. Driscoll, Science (2009) D.J. Cho, Opt. Express (2009)

Re-orientation of liquid crystals

16



Electrically Switchable THz Metamaterials: 
Controlling Interaction With Electrons

17

Chen, Nature 444, 597 (2006).

This works by increasing the
damping (2). Plasma frequency of
doped layer needs to match the MM
resonance frequency

16 mm

0.36 THz,4x4 SLM

(With Rice Univ.)

Appl. Phys. Lett. 94, 213511 
(2009)

However: it doesn’t scale well 
to shorter wavelengths



Planar Metamaterials Resonators: Strong 
Coupling

18

k

2D resonators (or 
metasurfaces):

•subwavelength
• large cross section
• Spectral response is extremely 
sensitive to local changes in 
• Field decays from the metal 
surface exponentially into the 
substrate
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Strong Coupling: MM & Phonons

19
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Nano Letters 11, 2104 (2011)

Oxide is 
only 10nm!
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Strong Coupling to Inter-subband Transitions 
in Quantum Wells

20

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

20

z
Opt. Express 20, 6584 (2012), 

APL 98, 203103 (2011)
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Alex Benz



Strong Coupling Theory vs. Experiment

21

Geometry factor

Plasma frequency

Nature Communications 4, (2013)
Phys. Rev. B 89, 165133
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This is a “Single Resonator” Behavior
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Same Rabi splitting remains 
down to a single resonator!

Area of a resonator * carrier density ~1000-3000 electrons!

~

22

Nature communications 4, (2013)



From Mid-IR to Near IR

23Nature Communications 4, (2013)

InGaAs QWs (mid IR)
GaN QWs (near IR)

ACS Photonics (2014)

Alex Benz



Electrically Tunable Strong Coupling

Appl. Phys. Lett. 103, 263116 (2013)
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Rabi Frequency vs. Geometry

•Larger capacitance leads to larger Rabi splitting
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Dogbone
High 
capacitance

Dumbbell
High 
capacitance

Jerusalem Cross
Low damping = high-
Q

Circular SRR
High 
inductance

Physical Review B89, 165133 (2014)
NanoLetters (2015)

Salvo Alex



SHG From Strongly Coupled MMs and 
Intersubband Transitions
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APL 104, 131104 (2014)
Also, see work by Belkin&Alu

Omri Wolf



Spatial Coherence: each resonator acts as 
a point source of SHG

• We simulate the radiation pattern of two cases: 

• the nanocavities emit incoherently 

• the nanocavities are coherent and the relative phase of the 
emitted radiation is determined by the FF pump

• The spatial coherence of the resonators is then proven experimentally:

All the resonators act as a collection of 
phase coherent sources of SH radiation

Omri Wolf



Beam Manipulation With Metasurfaces

Yu et al. Science 334, 333 (2011)

Ni et al. Science 335, 427 (2012)

Lin et al. Science 345, 298 (2014)

Phase gradient to achieve anomalous 
refraction

Phase gradient to achieve anomalous 
reflection

Phase gradient to achieve lensing

We can do this at the SH wavelength: 
non-degenerate



Outline

• Metallic Metasurfaces

– Tuning

– Strong Coupling

– Nonlinearities

• All Dielectric Metasurfaces

– Fundamentals

– Optical Magnetism

– Directional Emission, Fano Resonances,  and third-
harmonic Generation

29

What’s wrong with metals? LOSS!!
(at higher frequencies (shorter wavelengths)
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A Non-Metallic Path to Low Loss 
Metamaterials: Dielectric Resonators

31

Gustav Mie

First (Primary) resonance is 
magnetic dipole for most 
materials; Second is electric 
dipole

http://www.philiplaven.com/mieplot.htm
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Images: A. Miroshnichenko



Lumerical FDTD

=32, edge = 1.53 m, gap = 100 nm

Periodic BC in x & z, 15 cubes thick in y

k

H

E

 = 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

32



Dielectric Resonator IR Metamasurface:  
Te/BaF2

1.53x1.53x1.7mm3

10 deg wall slope

Phys. Rev. Lett. 108, 097402 (2012)33

Mask + RIE etch



Electric

Magnetic

Includes substrate losses

Dielectric Resonator IR Metasurface:  
Te/BaF2

34Phys. Rev. Lett. 108, 097402 (2012)

Theory

Experiments



Proving Optical Magnetism:
Measure Absolute Phase of Reflected Wave

Phase-locked Time Domain Spectroscopy

Appl. Phys. Lett. 103, 181111 (2013) 35 Optica 2014

Sheng Liu



Experimental Demonstration of “Optical 
Magnetism”

36

E
M

Optica 2014



Radiative Decay Rate of a Transverse Electric 
Dipole Near Au and OMM Surfaces

37

Radiative decay rate peaks 
around magnetic dipole 
resonance.

• Oscillatory dependence on distance is shifted by about half a period
• Dipole emission near the magnetic mirror is enhanced even for very small 

distances

Optica 2014
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Scaling Dielectric Resonators to the Near IR: 
Silicon Nanostructures

Tellurium: n~5, Size~1.5m
>5m

Silicon: n~3.5, Size<200-500nm
>1m



Scaling Dielectric Resonators to the Near IR: 
Silicon Cylinders (with I. Staude & Y. Kivshar, ANU)

39
ACS Nano 2013 7 (9), 7824-7832 

Changing the aspect ratio of the nanocylinder, changes relative position 
of E & H resonances 



Integration with Quantum Dots

40

Dip-pen nanolithography

QDs in protective polymer 
coating selectively deposited 
onto the tops of Si 
nanoresonators

DPN

http://str.llnl.gov

With J. Hollingsworth 
and F. Darwood, LANL

Many QDs

Towards Single QDs (near-IR g-NQDs)
SEM: C. Sheehan, LANL



Near Field Imaging of Localized Modes 

41

Calculated near-field amplitudes Measurements

With Prof. Habteyes, UNM

ACS Photonics 2014

nanodisk diameter 412 nm, 
nanodisk height 140 nm
=633nm

Mostly electric quadrupole



Fano Resonances in All-Dielectric 
Nanoparticle Oligomers

42

(with I. Staude & Y. Kivshar, ANU)

Small, 2013 



Nature Communications (2014)

Silicon

Metal

Cross-polarized transmission Txy

All-Dielectric Fano-Resonant 2D Chiral Metasurfaces:

Order of Magnitude Higher Q Than Similar Metallic 
Metasurfaces (with G. Shvets, UT Austin) 



Third Harmonic Generation

44

(With ANU & Moscow State)

Nano Letters 2015.



Dielectric Metamaterials with III-V’s?

45

GaAs

AlGaAs

GaAs

AlGaAs

GaAs

AlGaAs

GaAs

Sheng Liu

GaAs nanocylinders

Oxidized
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So What’s the Future of Metamaterials?

50

Metamaterials “inspired” new directions. My own example: 

3D Metamaterials >> Voltage tuning >> Planar MM resonators >> Strong coupling



Tuning MMs by Depletion of Carriers
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Depletion width



Coupling Between Metamaterial Resonators 
and “Epsilon Near Zero” Waves

52
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A sharp dip is observed in 
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Berreman, Physical Review 130 (6), 2193 (1963).
McAlister and Stern, Physical Review 132, 1599 (1963).

(“Berreman” dip)



• Berreman mode is very flat for a thin doped layer and leaky into air

• ENZ mode does not couple to free space

t = 30 nm

t = 60 nm

t = 200 nm

Berreman mode vs ENZ mode in n+ InAs
Berreman

“ENZ”

Greffet et al, PRL 109, 237401 (2012)

n+ InAs (Drude)
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Metal (MMs)

Al0.3GaAs 30nm

30 nm n+ GaAs (5e18)

Scale 1.2

Scale 1.4

Scale 1.6

Scale 1.8

Scale 2.0

FTIR transmission 

measurement

• Strong coupling between the MM 
resonance and ENZ waves!

What Happens when MMs Resonate 
with ~0 Layer?
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ND = 2e18 cm-3

Electrical Tuning the Coupling to the ENZ 
Mode

Fundamentally different than tuning just by changing a local permittivity!

56
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Te Resonators: Electric and Magnetic Mode 
Overlap

57

Magnetic and Electric resonances can overlap: different size cubes, or 
cubes with “cuts”



• Side: 1.7 µm, 2.3 µm and 2.7 µm with 50% 
duty cycle (height constant at ~1.8 µm). 

• Shaded areas are the spectral regions 
where magnetic and electric resonances 
overlap.

Te resonators using a 
single multiple 
deposition & liftoff 
process.

Te Resonators: Overlapping Electric and 
Magnetic Resonances

Appl. Phys. Lett. 102, 161905 (2013)
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Interactions between MMs and Electrons 
in Doped Semiconductors
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Examples of Tuning Mechanisms

1.1 
m

Example, SRRs interact strongly 
with thin layers underneath
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Lower Loss: Dielectric Resonator (DR) Metamaterials

M. B. Sinclair, MRS Fall Meeting, Boston MA, December 2009.

Arrays of High  Resonators: Low Loss 
Metamaterials

Spherical

Cubic

61

YSZ, r = 29, ball diameter = 4 mm

(negative , negative )

Works nice in the RF



 = 7.5 m

Hx at top of unit cell (z=1.3 m)

Incident waves
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Split-ring resonator

LC resonator: R 
1

LC

• Variants:

…

http://www.google.co.kr/url?sa=i&rct=j&q=split+ring+resonator&source=images&cd=&cad=rja&docid=hBP_dKbhDDbQsM&tbnid=2vhHx59_XDtfeM:&ved=0CAUQjRw&url=http://www.hikari.uni-bonn.de/research/metamaterials&ei=sGFAUa2FM-jsmAXHg4Ew&bvm=bv.43287494,d.dGY&psig=AFQjCNHsmxcdZNsLx2ajnLvGVZpZ2Dl9fA&ust=1363259898713361
http://www.google.co.kr/url?sa=i&rct=j&q=split+ring+resonator&source=images&cd=&cad=rja&docid=gXV3R00UE1upfM&tbnid=XIOs5_xYcTh8BM:&ved=0CAUQjRw&url=http://www.microwavejournal.com/articles/print/8746-filters-metamaterial-based-compact-multilayer-filter-with-skew-symmetric-feeds&ei=aWFAUcP6FZGemQXCqIGQDA&bvm=bv.43287494,d.dGY&psig=AFQjCNHsmxcdZNsLx2ajnLvGVZpZ2Dl9fA&ust=1363259898713361
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E. Rusak et al., submitted (2014).

• Silicon nanodisks: highly 
directional nanoantennas with 
giant front-to-back ratio

• Electric quadrupole mode 
essential to achieve high 
directivity

I. Staude et al., ACS Nano 7, 7824, 2013.

Importance of the Quadrupole Mode
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What is a “Mirror”?

65

(Disney)

(zonelandeducation.com)

“Regular” mirrors invert the phase 
of the reflected wave

But…. we can make a “magnetic” 
mirror

How does it work, what does it do?



How much do you trust me?
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?

Trust me, this 
is a magnetic 
mirror



Show me the phase…..



Proving Optical Magnetism:
Measure Phase of Reflected Wave

Phase-locked Time Domain Spectroscopy

Appl. Phys. Lett. 103, 181111 (2013)
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Experimental Demonstration of “Optical 
Magnetism”
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Metamaterials: Exotic optical properties

Negative index, 
Negative 
refraction

ni > 0

nr < 0

rrn 

(Causality)
i

r

r

i

n

n






sin

sin
(Snell’s Law)

• Superlensing, Cloaking, Chirality/Optical activity, Perfect absorption

• Enhanced nonlinear interaction, Optical force manipulation, Light 
emission control


