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Refractive index and its relation to EM waves

speed of light in vacuum

speed of light in the material or n=c/v

Refractive Index =

Can be complex-valued!
n=1 n>1

e Imaginary part: absorption/amplification of wave

When n — 0, wave becomes stretched infinitely long

o v=f/

® fremains unchanged
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Why Zero Index?

Extraordinary Transmission in Waveguides Wavefront shaping

infinitely long wavelength

finite wavelength

https://seas.harvard.edu/drew/news/2017/10/zero-index-wav https://www.nature.com/articles/nphoton.2015.140/peacockf
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https://seas.harvard.edu/news/2017/10/zero-index-waveguide
https://seas.harvard.edu/news/2017/10/zero-index-waveguide

Requirements to study zero index in materials

Materials are generally anisotropic.

Need to account for the dependence of waves on their polarization and direction of

propagation.
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What are Metamaterials?

Wonky!!

Credit: Mitch Jacoby/C&EN



What are Metamaterials?

Wonky!!

y *!*!!!!*% Forward wave
: ¥ ¥ ¥ :il"‘q’i'
Transmitted wave |

L

3-D unit cell
https://www.mdpi.com/2079-9292/11/3/410

Reflected wave

Credit: Mitch Jacoby/C&EN



What a

I8 B8 B
88 'R RN : R
(R N B

FEE S T W -

A5 e~

I
Transmitted (
- ‘ ;P ;'
- 2

https://www.mdpi.com/2079-9292/11/3/410




How to describe wave propagation in 2D material

We use the 2D Dirac equation.
It describes the relativistic dispersion relation.

e E > mc?: solutions are propagating, k is real
e E < mc?: solutions are exponentially decaying
e E =mc?: transition point
o corresponds to zero refractive index condition for a material



When can materials have zero index?

x is called the material tensor.

e Tells you if materials can have zero index
e Tells you the direction of propagation for zero index, m
o Relatesto 4:as A — 1, the zero index is in the m direction

Note: (4 is not the wavelength here)



Dispersion relation and polarization in a sample material

a ™ 1=0.01 b ™ 1=0.98

TE  —— Polarization 1 E
- - - Polarization 2
e K, 55 Direction of zero index k,

the principal axes of the material are designed to make zero index for the blue polarization and the red polarization is less affected



Dispersion relation and polarization in 2 sample materials

¢ ™ 1=0.98 d ™ 4=0.98

the principal axes of the material are designed to make zero index for the blue polarization and the red polarization is less affected



What Happens At Zero Refractive Index?

® Propagation in one direction completely attenuated - Complex Axis Nihility

https://news.utexas.edu/2017/02/13/new-mechanical-metam
aterials-can-block-symmetry-of-motion/



CAN Media Support One-Way Waves!
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CAN Media Amplify Waves in One Direction...

(PY(Po)
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And Attenuate Them in the Other.
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Scattering from bianisotropic CAN medium
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Scattering from bianisotropic CAN medium
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CAN make Unidirectional Edge states at interfaces!
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Killing off an Evanescent wave in Total Internal Reflection
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More Evanescent Waves: Chiral Antenna
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LIFITHROUGH
RECONFIGURABLE
INTELLIGENT SURFACES

Neansa Al o natarsahast

o ey s

S L, s 1 e SRy st b 3 O, g A o e ot

ARTICLI

Zero-refractive-index materials and topological
photonics

S.A.R.Horsley 9% and M. Woolley*

sencrally anbotropic, meaniog that the reractv index depends it dispersan relstion and is an spproximate descripion o, for
o ot Thenda eyl

s propagsing 20d he
Gl the mbject of  wavevecto s e For sl magainde enrgies. they s expo:
postve o nega  nenily decyig

g o which the el sbsces o sl th wave. e the st encey s> e, the
counteitutive wave s hat arc sl he
resarch s vl et ca oo be ither

= mprshi vith

an sao take va
mes sbiarly g
s

Boundary condions cun b rsbasd. uch s thae of  clfcive R
magaetc conductor w0 B .
s sre indes ateriahs e the subjet o this work. The = =0 @

vmtroic meda . Media cxhibing oné way propagion ar
picaly desr

aioms. & s sl b il 0.

e than o caleli e e
in f o i he relractive idexthat ca b spplicd 2, ®

1o desgn materials ha suppor unidivctons propugation, We a2

e oty o (2 Waves oheyng the Cahy- Riemann etionspropagae

frmtien

wunw.nature conflcientificreports

scientific reports

OPEN Electromagnetic metamaterials
to approach superconductive-like

electrical conductivity

A Danisi* 8.C. Zannini®*

Stambient temperatire.
y Tiowndin
il
o oo ol
optmiaion, impedance megation i purile scelerors
wavegides'
o performance . How hichis
T or 4 TM mod, e
aarro il
Sl spess
thrviore,
impedince
o i e

ehaolagially strscine

+21 more

foreuicers:]
10t s st
S 0 b 5 e s

Topical Review

Zero-index and hyperbolic metacavities:
Is and i

Zhiwel Guo®, Haitao Jiang and Hong Chen”

mcacviics, and advances th escarch of metacavii

Keywords: metamatrals, elfctiv mediam theory. oo opolopcl ioslton,

(Some Bt may appas i colour anly n e onlin joural)




Metamaterials for LiFi

Light Fidelity (LiFi) requires media that
can control wave amplitude, phase,

polarization, and impedance arbitrarily

Helps to have a better understanding of

metamaterials!
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A New Frontier for 6G?

Hanaa Abumarshoud, Lina Mohjazi, Octavia A. Dobre, Marco Di Renzo,
Muhammad Ali Imran, and Harald Haas

ight fidelity (LiFi), which is based on visible-ligh
communications (VLC), is celebrated as a cutting-
edge technological paradigm that is envisioned to
be an indispensable part of 6G systems. Nonethe-
less, LiFi performance is subject to efficiently overcoming
line-of-sight (LoS) blockage, whose adverse effect on the
reliability of wireless reception becomes even more pro-
nounced in highly dynamic environments, such as vehicu-
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surfaces (RISs) have recently emerged as a revolutionary
concept that transforms the physical propagation environ-
ment into a fully controllable and customizable space
using a low-cast, low-power approach. We anticipate that
the integration of RiSs into Lifi-enabled networks will not
only support blockage mitigation but will also provision
complex interactions among network entities, and is
hence manifested as a promising platform that enables a
plethora of technological trends and new applications. In
this article, for the first time in open literature, we set the
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Abstract

As a basic building block, optical resonant cavities (ORCs) are widely used in light
manipulation. They can confine electromagnetic waves and improve the interaction between
light and matter, which also plays an important role in cavity quantum electrodynamics,
nonlinear optics and quantum optics. In recent years, the rise of metamaterials, artificial
materials composed of subwaveleagth unit cels, has greatly eariched the design and

functionality of ORCs. Here, we review ials for ¢

novel ORCs. First, this paper i duces the classification and ! ion of ind

hyperbolic metamaterials. Second, the distinctive ies of dex and hyperbol

cavities are i including ic i i field
ibuti logical i lous scaling law, size independence, continuum of

higher-order modes, and di ionless modes) for index (hyperbolic) i

Finally, the paper i some typical of zero-index and hyperbolic
metacavities, and advances the rescarch of metacavities.

Keywords: metamaterials, effective medium theory, photonic topological insulators,
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Metamaterials can be the new Superconductors?

scientific reports

OPEN Electromagnetic metamaterials
to approach superconductive-like
electrical conductivity

A. Danisi™*** & C. Zannini**"

This paper explores the possibility of using electromagnetic metamaterials to synthesize an equivalent
structure that approaches superconductive-like properties, i.e. extremely high electrical conductivity.
The underlying electromagnetic model is formalized analytically using transmission line theory and
supported by experimental measurements. This particular use of metamaterials could bring to the
ground-breaking scenario of developing superconductive-like cavities and lossless guiding structures
at ambient temperature.
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e The abstract is well written.
O  The structure makes it easy to understand the main ideas of the research.
o Highlight the interesting parts of the paper

e The paper provides different examples to highlight interesting effects due to zero refractive
index which enhance our physical understanding of the calculations



Conclusions

e A general way to calculate the directional dependent refractive index and the condition
for the zero index in given direction

e \When the zero index direction is complex valued a material supports waves that can
propagate in one sense

e Extending the concept of the refractive index



The End!
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Extra notes

Magnitude of refractive index — magnitude of the inverse of the eigenvalues

Sign of refractive index — sign of k+ S = sign[F! yF,,]



A general linear EM material can be characterized

Maxwell’s equations in 6-vector form:

D
B

eoc -E+1¢&-H
pop - H+1E" - E

Results in 6 eigenvalues

® 2eigenvalues=0
e Others: 2 pairs of equal magnitude (polarizations), opposite sign (direction)



Condition for zero-index from 2D Dirac equation solutions

At the transition point between the 2 behavior, k> — 0.

Equivalent to zero refractive index, but with an unusual form.

Wy _
02

Waves that obey Cauchy-Riemann equations propagate in only 1 sense around the origin.

e Y obeys the equation:

2 0

e The solution represents clockwise propagating waves



CAN Media Support One-Way Waves!
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e Sendinga->% b sendsn->0along one direction

e Circulation dependent power!



Simple Eigenvalue Problem

Set up matrix for our complex valued permittivity

a —ib o
e=| = al; + ibzx
ib a
Sending a -> + b sends n -> 0 along one direction
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Circulation dependent power!




Scattering from bianisotropic CAN medium

s W=E,+n,H, m = X + iy
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Emission from CAN Cylinder




Comparison to other relevant work

e Horsley, S. A. R. Unidirectional wave propagation in media with complex principal axes. Phys. Rev. A 97, 023834 (2018)
o  Same use of maxwell's equations
o  Focused on designing materials where waves can be trapped at an interface with a perfect conductor
®  https://seas.harvard.edu/news/2017/10/zero-index-waveguide (2017)
o  Developed first on chip metamaterial with zero refractive index
o  Azero-index waveguide

e Horstmeyer, R., Ruan, H. & Yang, C. Guidestar-assisted wavefront-shaping methods for focusing light into biological tissue. Nature
Photon 9, 563-571 (2015). https://doi.org/10.1038/nphoton.2015.140
o  Use wavefront shaping to focus light onto biological material (application of zero index)
e Davoyan, A. R. & Engheta, N. Phys. Rev. Lett. 111, 257401 (2013)
o  Showed (analytically) that the transparency of the medium can be altered with the magnetization
o  Predicted that one-way photonic surface states may exist at the interface
e  Silveirinha, M. G. Phys. Rev. B 92, 125153 (2015)
o  Developed theoretical methods to topologically classify a wide class of bianisotropic continuous media



https://seas.harvard.edu/news/2017/10/zero-index-waveguide
https://doi.org/10.1038/nphoton.2015.140

Highly Degenerate Bound states

® Zero-index condition affects bound states in electromagnetic materials, resulting in highly
degenerate state
e The effect is identical to degeneracy in ground state of spin half particle in magnetic field

Example Materials which have

2D Dirac with Magnetic field
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Bound states in a CAN medium with a pseudo magnetic
field.
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Outcomes and Looking Ahead

e Interface of quantum mechanics, complex analysis, and crystal optics
e New way to analyze and design one-way media

e Helps explain observed phenomena



