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... for my purpose holds to sail beyond the sunset ...

Alfred Tennison, Ulysses
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Conductors vs. Insulators

Is it a conductor
or an insulator?

An electrical current flows through some materials.
These materials are conductors.

" steel paper clip

\45:_%\.—-:

Steel is a conductor.

An electrical current doesn’t flow through ofther
materials. These materials are insulators.

plastic foy
. @
- :1

Piasfic is an insuiaior.

Sagar Khillar. "Difference between Conductors and Insulators." DifferenceBetween.net



Semiconductors: “the Third Estate”

CONDUCTOR / INSULATOR CHART

CONDUCTORS
Carbon

Germanium SEMI-CONDUCTORS

Silicon

INSULATORS
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Optical materials: dielectric vs. metallic




Optical materials: dielectric vs. metallic

Dielectric perittivity €, refractive index n = /e

i




Optical Maternals:
dielectric, hyperbolic and metallic




Optical Maternals:
dielectric, hyperbolic and metallic




Hyperbolic Materials:
“the Thard Estate” of optical media




Light as “Rays”
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Thomas Young, sketch of two-slit dzﬁ’mctzon from the presnetation to the Royal Society
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OPTICKS:
TREATISE
[ NELEX 10N snd COLOURS * particles of light create waves

B o T in the aether
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SPECIES and MAGNITUDE

Curvilinear Figures.

Isaak Newton



© HyperPhysics

Electromagnetic waves transport
energy through empty space, stored
in the propagating electric and
magnetic fields.

Electric

Magnetic field A A

variation is /lA

perpendicular |

to electric field. l i Vi agr etic
fleld

variation

Yy

A single-frequency electromagnetic
wave exhibits a sinusoidal variation
of electric and magnetic fields in
space.

L
Wavenumber k£ = — momentum p = hk
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¢ Polaroid

Edwin Land

(" CINEMA SCREEN )

: / MIXTURE OF RAYS
POLARIZING FILTER OVER FROM A & B
PROJECTOR PERMITS ONLY
VERTICAL VIBRATIONS A
TO PASS. '

2.

q

POLARIZING SPECTACLE

sTOPS VERTICAL

VIBRATIONS AND TRANSMITS
HORIZONTAL VIBRATIONS

CORRESPONDING TO RIGHT
EYE PICTURE

POLARIZING FILTER

OVER PROJECTOR LENS
PERMITS ONLY HORIZONTAL
VIBRATIONS TO PASS,

g POLARIZING SPECTACLE
STOPS HORIZONTAL BUT
/TGHT FROM TRANSMITS VERTICAL
PROJECTOR

VIBRATIONS CORRESPONDING
TO LEFT EYE PICTURE,

Ray Zone, The 3D Zone: Its Past & Its Future
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Optic axis
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Optic axis
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FEACTION

calcite CaCO3



[sotropic Dielectric Materials:
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Isotropic dielectric:




Extraordinary Wave:

E ¢ (x,y




= What if the material 1s metallic 1n one
m———  direction and dielectric in the other ?
L

e U ==

e>0
We’re 1n a dielectric!

e<(!
We’re 1n a metal!




£ U © ()

The parable of the blind men and an elephant

e>0! B
We’re 1n a dielectric!

i )

e<0!
We’re 1n a metal!
€ l)




... there be Dragons...




Extraordinary Wave:

E ¢ (x,y




Anisotropic Materials
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“ Abbe’s ” Resolution L




“ Abbe’s ” Resolution Limit : p—




“ Abbe’s ” Resolution Limit : p—







What 1t means :

e resolution of a “hyperbolic” microscope 1s not

limited by the (free-space) wavelength
(e.g. visible light microscope with X-ray resolution)

* light (in a hyperbolic medium) can be focused
to arbitrarily™® small spot

» forbidden optical transitions are not forbidden




Hyperbolic Materials:
practical realization




Hyperbolic Metamaterials: practical realization

X. Zhang (Berkeley)
Ag/Al,O5 system
ultraviolet and visible

V. Menon (QUNY)
Visible

A. Boltasseva and
V. Shalaev (Purdue)
Visible and

C. Gmachl (Princeton)
Semiconductor system

e Low loss

* Broadband
e Bulk size



Hyperbolic Metamaterials: practical realization

Nanowires in dielectric membrane

M. Noginov (NSU)
Visible

X. Zhang (Berkeley)
Visible




Hyperbolic Metamaterials: practical realization

Nanowires in a dielectric membrane




THz: Bismuth-ology

most solid-state “quantum effects” (e.g. Shubnikov-de Haas &
de Hass — van Alphen effects) were first discovered 1n bismuth
— why?

Ultra-low losses: carrier mean free path (at helium
temperatures) on the order of millimeters

Highly anisotropic e \
Fermi surface / (

Plasma frequency o —
in the THz ‘

High-quality B1 monocrystals available since 1970s, high-
quality monocrystalline B1 films — since 1990s



Strong effective mass anisotropy

~_
Anisotropy 1n plasma frequencies

- observed 1n experiments since 1960s!
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Far IR: Sapphire (Al,O5)

1 I

20—

10

Strong phonon anisotropy .

M.Schubert, T.E.Tiwald, C.M.Herzinger, “Infrared dielectric anisotropy and
phonon modes of sapphire”, PRB 61, 8187 (2000)



214 NATURE PHOTONICS | VOL 9 | APRIL 2015 | www.nature.com/naturephotonics

METAMATERIALS

Naturally hyperbolic

Natural hyperbolic materials hold the key to unlocking the full potential of hyperbolic media in nanophotonics. Until
now no such materials were available for visible light but recent work finally brings down this roadblock.

Evgenii E. Narimanov and Alexander V. Kildishev

Bi,Se; —
BizTe3 | |
Magnesium diboride (MgB,) -
Highly oriented pyrolytic graphite (HOPG)
Graphite e —
YBa,Cu304,
Sr,RuO,
Sr3Ru, 0,
BSCCO (Bi,Sr,CaCu,0g,5)
GdBa,Cu30-.,
Hexagonal boron nitride (hBN)
Calcite (CaCO5)
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SiC (2H polytype)
SiC (4H polytype)
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0.01 0.1 1.0 10 100
Wavelength (um)




Hyperbolic (meta)materials:

.__hanowire composites & metal-dielectric layered media
>
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METAMATERIALS

Naturally hyperbolic

Natural hyperbolic materials hold the key to unlocking the full potential of hyperbolic media in nanophotonics. Until
now no such materials were available for visible light but recent work finally brings down this roadblock.

Evgenii E. Narimanov and Alexander V. Kildishev
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ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7963

2 e 270 nm

m

S. Dai et al, Nature Comm. 2015

1,500 1,600
o (cm™)

A~ 7000 nm

1,400

Contact-mode AFM L ‘ | /N }\ / 500 ~ 10 NIim

A. Ambrosio ef al, ACS nano 2016



 resolution of a “hyperbolic” microscope 1s not

limited by the (free-space) wavelength
(e.g. visible light microscope with X-ray resolution)

* light (1n a hyperbolic medium) can be focused to
arbitrarily® small spot

e forbidden optical transitions are not forbidden




The Hyperlens

Super-resolution Magnification




Inner radius ~ A, outer radius ~ 5 A




The Hyperlens : experiment
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“Hyperlens” in the text of the article
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J. Sun, T. Xu, and N. M. Litchinitser, NanoLetters 16 (12), 7905 (2016)



 resolution of a “hyperbolic” microscope 1s not
limited by the (free-space) wavelength

* light (1n a hyperbolic medium) can be focused to
arbitrarily™ small spot

e forbidden optical transitions are not forbidden







 resolution of a “hyperbolic” microscope 1s not
limited by the (free-space) wavelength

* light (1n a hyperbolic medium) can be focused to
arbitrarily™ small spot

e forbidden optical transitions are not forbidden




Direct Imaging vs. Structured lllumination




Point Source at the surface of a Hyperbolic Material




Experiment :

glass r glass

NN PMMA ()

photoresist photoresist

glass




Hyperbolic Metamaterials: strongly dispersive

A =425 nm

2400 —200 0 200
X.nm

A = 550 nm

400 =200 [ 300
X.nm

A =750 nm

24000 =200 : 200 400
X. nm




“Steer” the “beams” with wavelength!




Hyper-Structured lllumination

A =400 nm



Hyper-Structured lllumination

A =405 nm



Hyper-Structured lllumination

A=410 nm



Hyper-Structured lllumination

A =425 nm



Hyper-Structured lllumination

A =450 nm



Hyper-Structured lllumination

A =500 nm



Hyper-Structured lllumination

A =550 nm



Hyper-Structured lllumination

A =600 nm



Hyper-Structured lllumination

A =650 nm



Hyper-Structured lllumination

A =700 nm



“Steer” the “beams” with wavelength!
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Experimental Demonstration of Hyperbolic

Metamaterial Assisted lllumination
Nanoscopy

Qian Ma,Jr Haoliang Qian,T Sergio Montoya,T Wei Bao,i Lorenzo Ferrari,§’" Huan Hu,T
Emroz Khan,* Yuan,Wang,i Eric E. Fullerton, " Evgenii E. Narimanov,” Xiang Zhang,"t
and Zhaowei Liu* "%l
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Experimental Demonstration of Hyperbolic
Metamaterial Assisted lllumination
Nanoscopy

Qian Ma,T Haoliang Qian; Sergio Montoya,:}: Wei Bao,i Lorenzo Ferrari,§’" Huan I—}u,j-
Emroz Khan,* Yuan.Wang,’L Eric E. Fullerton, " Evgenii E. Narimanov, - Xiang Zhang,‘L
and Zhaowei Liu* "%l
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Hyper-Structured lllumination High and Low
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 resolution of a “hyperbolic” microscope 1s not
limited by the (free-space) wavelength

* light (1n a hyperbolic medium) can be focused to
arbitrarily™ small spot

e forbidden optical transitions are not forbidden




Photonic Density of States

dN
P(w) =

N(w) - number of states
with frequency below @




Uniaxial Medium: ex €y> 0, &, > 0




Uniaxial Medium: ex €y <0, g, > 0




Photonic DOS 1n a Hyperbolic Medium:
“Super”- Singularity !




Electromagnetic Energy 1in a Hyperbolic Medium




Normalized intensity (a.u.)
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Appl Phys B (2010) 100: 215-218 Applied Physics B
DOI 10.1007/s00340-010-4096-5 .
Lasers and Optics

Engineering photonic density of states using metamaterials

Z. Jacob - J.-Y. Kim - G.V. Naik - A. Boltasseva -
E.E. Narimanov - V.M. Shalaev

nanodiamond

-

coverslip

#161992 - $15.00 USD Received 23 Jan 2012; revised 2 Mar 2012; accepted 2 Mar 2012; published 22 Mar 2012
(C) 2012 OSA 26 March 2012 / Vol. 20, No. 7/ OPTICS EXPRESS 8100

Improving the radiative decay rate for dye
molecules with hyperbolic metamaterials

J. Kim,1 V.P. Drachev,l* Z. Jacob,"”* G. V. Naik,' A. Boltasseva,1 E. E. Narimanov,' and
V. M. Shalaev'

APPLIED PHYSICS LETTERS 102, 173114 (2013) @ s

Broadband enhancement of spontaneous emission from nitrogen-vacancy
centers in nanodiamonds by hyperbolic metamaterials

M. Y. Shalaginov,"? S. Ishii,"*3 J. Liu,"2 J. Liu,* J. Irudayaraj,* A. Lagutchev,?
A. V. Kildishev,"? and V. M. Shalaev'?#?



“Darker than Black” Materials :

- impedance-matching
\ - antireflection coatings

- resonant elements

The scattering rate W o p(w)

ey

Need p; — oo!



Start with a hyperbolic metamaterial (e.g. wire-based):

...and introduce roughness to its surface






Original sample

300.0 nm

150.0 nm

vertical rms=40 nm

0.0 nm

red - original, blue - corrugated

0.8 !

Corrugated sample

Correlation function

1.5

10.0 4000.0 nm

0 0.5 1

~100 nm AX, UM 117 um

vertical rms=600 nm




Angular reflectance curves before (1,2) and after (3,4) corrugation.

S-polarization: 1,3

P-polarization: 2 4
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 resolution of a “hyperbolic” microscope 1s not
limited by the (free-space) wavelength

* light (1n a hyperbolic medium) can be focused to
arbitrarily™ small spot

e forbidden optical transitions are not forbidden
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Active Photonic Hypercrystals




Active Photonic Hypercrystals




Intensity x 00! Speed x 20!

- ¢

e
e @ ¢
R E B B .

T. Galtsky, J. Gu, EN & V. Menon,
PNAS 114 (20), 5125 (2017)



 resolution of a “hyperbolic” microscope 1s not
limited by the (free-space) wavelength

* light (in a hyperbolic medium) can be focused to
arbitrarily™ small spot

e forbidden optical transitions are not forbidden




Hyperbolic Materials
as lab tools / instruments
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ontaneous Emission Enhancement
from 2D semiconductors
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Spontaneous Emission Enhancement
from 2D semiconductors
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V. Shalaev C.Gmachl X.Zhang M. Noginov V.Menon



