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Solution:
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Index of refraction

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

What happens when Ree and/or Rem is negative?
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To find n (passive materials):

1. Draw line that bisects e and m 

2. Choose upper branch
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Q:	If n = 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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n = 0

“tunneling with infinite decay length”
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n = εµ

R = Z −1
Z +1

1  index                    2   zero index



how?

but e and m also determine reflectivity

where

n = εµ

Z = µ
ε

R = Z −1
Z +1

1  index                    2   zero index



how?

but e and m also determine reflectivity

where

n = εµ

Z = µ
ε

0ε ,µ→ 0

finite!

R = Z −1
Z +1

1  index                    2   zero index



use array of dielectric rods

Engineering a magnetic response
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incident electromagnetic wave (leff  ≈ a)
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produces an electric response…
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… but different electric fields front and back…
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…induce different polarizations on opposite sides…
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…which, in turn, produces an induced magnetic field
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adjust design so electrical and magnetic resonances coincide
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adjustable parameters

Engineering a magnetic response
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adjustable parameters

d = 422 nm,  a = 690 nm,  n = 1.57 (SU8)

Engineering a magnetic response

n

d
a

1  index                    2   zero index



re
la

tiv
e 

pe
rm

itt
iv

ity
/p

er
m

ea
bi

lit
y

Re(εr
eff)

Re(μr
eff)

–0.6

–0.4

–0.2

0

0.2

0.4

0.6

wavelength (nm)
1520 1560 1600 1640 1680

1  index                    2   zero index



wavelength (nm)

re
fr

ac
tiv

e 
in

de
x

Re(neff)

Re(Zeff) im
pedance

1520 1560 1600 1640 1680
–0.6

–0.4

–0.2

0

0.2

0.4

0.6

4

2

0

–2

–4

1  index                    2   zero index



500 nm

1  index                    2   zero index



1

500 nm

1  index                    2   zero index



1

2

500 nm

1  index                    2   zero index



1

2

3

500 nm

1  index                    2   zero index



1

2

3

4

500 nm

1  index                    2   zero index



Can make this in any shape!
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prism
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prism

Si waveguide
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On-chip zero-index prism

Si
waveguide

α
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Wavelength dependence of index

nprism = nslab
sinα
sin 45°
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waveguide
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Wavelength dependence of index
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simplify further!

airhole array 1D ZIM waveguide
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direct observation of effective wavelength!!
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comparison of experiment and simulation
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relaxed phase matching constraints as  k     0
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The utility of all parametric nonlinear
optical proces

ses is hampered by phase-matching requirements.

Quasi-phase-m
atching, birefr

ingent phase m
atching, and h

igher-order-m
ode phase matching have a

ll been

developed to a
ddress this con

straint, but the
methods demonstrated to da

te suffer from
the inconvenie

nce of

only being pha
se matched for a sin

gle, specific ar
rangement of beams, typically cop

ropagating, res
ulting in

cumbersome experimental configur
ations and large footprints for integrated devices. Here

, we exper-

imentally demonstrate that th
ese phase-matching requirements may be satisfied in a parametric nonlinear

optical proces
s for multiple, if not

all, configurat
ions of input

and output beams when using low-index

media. Our measurement constitutes
the first experimental observat

ion of direction-in
dependent ph

ase

matching for a medium sufficiently long for phase matching to be relevant. We demonstrate four-wave

mixing from spectrally distinct co- and counterpropag
ating pump and probe beams, the backward

generation of a nonlinear sign
al, and excitation by an out-of-plane probe beam. These results explici

tly

show that the unique
properties of lo

w-index media relax trad
itional phase-m

atching constr
aints, which ca

n

be exploited to facilitate nonlinear interactions and miniaturize nonlinear devices, thus
adding to the

established exceptional pr
operties of low

-index materials.

DOI: 10.1103
/PhysRevLett.

128.203902

The nonlinear optical response of materials is the

foundation upon which applications such as frequency

conversion, al
l-optical signa

l processing,
molecular spec-

troscopy, and
nonlinear microscopy are built [1–4]. W

hen

light is generated by a parametric nonlinear interaction

(e.g., harmonic generatio
n [5]), the prop

agation directi
on of

the generated o
utput light is d

ictated by the p
roperties of the

input beams [6,7]. This d
ependence is d

ue to conservation

of momentum, also known as phase matching [6,8]. The

amount by which the phase-matching condition is not

satisfied is quantified by the phase mismatch Δk, the

difference in the momentum of the constituent beams.

Approaches su
ch as quasi-phase

-matching [9,10], birefrin
-

gent phase matching [11], and higher-order-m
ode phase

matching [12,13] have been demonstrated as means to

achieve phase matching. How
ever, these methods suffer

from the inconvenience
of only being phase matched for

one specific configuration
of the participating

beams,

which is typically collinear and along the direction of

propagation [7], and only for a narrow range of wave-

lengths [14]. T
hese constraints po

se severe limitations on

potential appli
cations in nonlinear opti

cs, where flex
ibility

and compactness are highly desired.

There has been significant int
erest in using metamate-

rials to lift such constraints and
explore the res

ulting novel

behavior [7,14
–19]. Metamaterials provide ultimate flex-

ibility in the engineering of optical materials, enabling

many unusual an
d interesting p

roperties, inclu
ding negative

indices of refraction [20–22]. Materials with a negative

refractive inde
x have been us

ed to demonstrate the se
cond-

harmonic generatio
n of a nonlinear sign

al wave propa
gat-

ing against the pump wave, known
as backward phase

matching [14,23]. This
unique behavior may be further

explored when considering zero-index media [24,25].

As the magnitude of the momentum wave vector k is

proportional to
the refractive

index n (k ¼ 2πn=λ, where
λ

is the free-space wavelength), i
t vanishes for

light propa-

gating in a zero-index medium. Consequentl
y, light in a

zero-index mode does not contribute
any momentum to

phase-matching considerations
, and its propagatio

n direc-

tion becomes inconsequenti
al to the phase mismatch

[Figs. 1(a) and 1(b)]. By virtue of this unique quality,
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localization
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how can we localize light?
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use localization to enhance on-chip lasing
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use MEMS technology for tunability
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use localization to enhance on-chip lasing
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