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Propagation of EM wave

governed by wave equation
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In dispersive media n = n (w).
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Index of refraction
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So n(w) determined by response of material to external fields

e(w ) measure of attenuation of electric field
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Dielectric constant
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Lorentz and Drude models
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Lorentz and Drude models

for a strong (dielectric) resonance £ can become negative
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Lorentz and Drude models

valence electrons in dielectric then behave like a plasma
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Lorentz and Drude models

with plasma frequency above the resonance
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Lorentz and Drude models

(and far below the UV region)
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Index also determined by magnetic response
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Index also determined by magnetic response
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Magnetic response
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Magnetic response

but magnetic resonances occur below optical frequencies
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Magnetic response

so, in optical regime, « = 1
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Index of refraction

n=leu

Both e and « are complex and their real parts can be negative.
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Both ¢ and « are complex and their real parts can be negative.

What happens when Ree and/or Re« is negative?
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Write complex quantities as
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Q: Is this only possible value?

1. yes

2. no, there’s one more
3. there are many more
4. it depends



There is another root...
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Im(n)

To find n (passive materials): /
> Re(n)

1. Draw line that bisects ¢ and «

2. Choose upper branch



What happens when Ree and/or Re« is negative?
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For certain values of £ and « > Re(n)

we can get a negative Re(n)!
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Q: Must both Rec <0 and Reu <0
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to get a negative Re(n)?

1. yes

2. N0
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Q: Must both Rec <0 and Reu <0
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However, need magnetic response
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to achieve Re(n) < 0!
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common materials very limited

Reu
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What happens on the axes?
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what if we let ¢ =0?
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Q: If 2= 0, which of the following is true?

1. the frequency goes to zero.
2. the phase velocity becomes infinite.
3. both of the above.

4. neither of the above.
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“Superluminal”?!
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What about causality?
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“tunneling with infinite decay length”
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how?
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Engineering a magnetic response

use array of dielectric rods
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Engineering a magnetic response

incident electromagnetic wave (1. = a)
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Engineering a magnetic response

produces an electric response...
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Engineering a magnetic response

... but different electric fields front and back...
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Engineering a magnetic response

...Induce different polarizations on opposite sides...
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Engineering a magnetic response

...causing a current loop...
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Engineering a magnetic response

...which, in turn, produces an induced magnetic field
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Engineering a magnetic response

adjust design so electrical and magnetic resonances coincide
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Engineering a magnetic response

adjustable parameters
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adjustable parameters
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Engineering a magnetic response

adjustable parameters
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Engineering a magnetic response

adjustable parameters

d =422 nm, a =690 nm, n =1.57 (SU8)
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Can make this in any shape!
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prism

1 index 2 zero index



prism

Si waveguide
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SU8 slab wavequide

prism

Si waveguide
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SU8 slab wavequide
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On-chip zero-index prism
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A=1570 nm
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Wavelength dependence of refraction angle
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Wavelength dependence of refraction angle
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Wavelength dependence of refraction angle
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Wavelength dependence of refraction angle
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Wavelength dependence of index
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Wavelength dependence of index
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Wavelength dependence of index
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simplify fabrication

pillar array
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simplify further!

airhole array

1 index 2 zero index



simplify further!

airhole array

1 index 2 zero index



simplify further!

airhole array 1D ZIM waveguide
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simplify further!

airhole array 1D ZIM waveguide
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waveguiding

low-index waveguide
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waveguiding
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look at standing waves
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look at standing waves

low-index waveguide

simulation
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look at standing waves

low-index waveguide
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direct observation of effective wavelength!!

low-index waveguide

simulation
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look at standing waves
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comparison of experiment and simulation
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comparison of experiment and simulation
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comparison of experiment and simulation
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comparison of experiment and simulation
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(extreme) opportunities

relaxed phase matching constraints as &~— 0

1 index 2 zero index



e
(extreme) opportunities

 Eators Sugsestion
ero-Index Waveguides

se-Matching Constraints in Z
is.) Brik N. Knall,
12,5

Relaxed Pha
2 M. Zahirul Alam,’

Justin R. Gagnon,LT Orad Reshef ,l’““ Daniel H. G- Espinosa®s
! Yang Li>* Ksenia Dolgaleva,l’2 Eric Mazur,3 and Robert W.
25 Templeton Street, Ottawd Ontario KI N 6N5, Canada

ence, University of Ottawad,

Jeremy Upham,
of Physics, Univers

1Department
2gchool of Electrica
25 Templeto

3John A. Paulson School of
9 Oxford Stree

4Srate Key Laboratory of

Department of Precision Instri

5 stitute of Optics and Department
500 Wilson Blvd, Rochesters

1; accepted 4 April 20

ity of Ottawd,
| Engineering and Computer Sci
1 Street, Ottawd, i KIN O6N5, Canada
Engineering and Applied Sciences, Harvard
02138, USA
rement Technology and [nstrument,

Universitys

t, Cambridge,

Precision Meastt

ment, Tsinghud ity, 100084 Beijing, China
of Physics and Astronomy, University of Rochester,

New York 14627, USA

22, publ‘rshed 17 May 2022)

® (Rece'wed 1 July 202
¢ nonlinear optical pr d by phase—mateh'mg requirements.
1 - mode phase matching have all been
onvenience of

se matching,
ate suffer from the inC

ametrl
strated to d
g resulting 10

The utility of all par
birefringent pha

Quas'r—phase—matching,

c matched for asi
nd large footpri

al configurations @
hing requirements m

only being phas
eriment
..o phase-Matc

nbersome €XP

1 index
2 zero index




- dw
y = 4w

¢ dk

2 zero index 3 zero group velocity




2 zero index 3 zero group velocity




2 zero index 3 zero group velocity




2 zero index 3 zero group velocity




2 zero index 3 zero group velocity




2 zero index 3 zero group velocity




2 zero index 3 zero group velocity




2 zero index 3 zero group velocity




>
=
O
O
0
>
o
=
o
P S
o
o
b=
0
N
™

2 zero index




80

>
=
O
O
0
>
o
=
o
P S
o
o
b=
0
N
™

2 zero index




>
=
O
O
0
>
o
=
o
P S
o
o
b=
0
N
™

2 zero index




>
=
O
O
0
>
o
=
o
P S
o
o
b=
0
N
™

2 zero index




2 zero index 3 zero group velocity



20

>
=
O
O
0
>
o
=
o
P S
o
o
b=
0
N
™

2 zero index




twisted bilayer photonic crystals
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twisted bilayer photonic crystals
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twisted bilayer photonic crystals
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twisted bilayer photonic crystals
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twisted bilayer photonic crystals

monolayer
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