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“Superluminal”?!
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but  m ≠ 1 requires a magnetic response!
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incident electromagnetic wave (leff  ≈ a)

E
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produces an electric response…
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…which, in turn, produces an induced magnetic field
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adjust design so e and m cross zero at the same time
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adjustable parameters

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

Engineering a magnetic response
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Can make this on chip and in any shape!
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simplify further!
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direct observation of effective wavelength!!
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ABSTRA
CT

We theoretic
ally and numerically demonstrate

enhanced
extended

superrad
iance using a diamond epsilon near-zero

metamaterial de
sign.

Due to the large spatial co
herence

in this metamaterial, w
e experien

ce an ultra-hig
h superrad

iant deca
y rate enhancem

ent over
distances

greater than 13 times the free-spac
e waveleng

th for both two emitters and many-body
configura

tions of emitters. W
e observe

a power

enhancem
ent three

orders of
magnitude

higher th
an an incohere

nt array
of emitters in

bulk diamond, corr
espondin

g to an N2 scaling with

the number of em
itters cha

racteristi
c of supe

rradiance
.

Published
under an
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license by

AIP Publishin
g. https:/

/doi.org/
10.1063/

5.006286
9

As the field of quantum
information has grown in the past

decade, p
hysicists

have made coun
tless effor

ts to enhance
the spont

a-

neous em
ission of quantu

m emitters. En
hancing

spontane
ous emis-

sions is key to realizing
quantum

optics phenomena,
1,2 including

cavity quantum
electrody

namics (QED),
3 nanoscale

spectrosc
opy,

4

and recent de
velopments in integrated

optical q
uantum

information

processin
g.5

,6 Dicke superrad
iance

7 is one such method to enhance

spontane
ous emission in collection

s of emitters. Di
cke super

radiance

arises from a cooperati
ve effect in

which N2-level em
itters radiate

coherentl
y with one another,

and construct
ive interferen

ce between

atoms leads to
an N-fold increase i

n the spont
aneous em

ission rate,
8,9

where N is the number of at
oms. Furthe

rmore, supe
rradiant

Dicke

states fol
low an N2 scaling in the radia

ted power co
mpared to an N

scaling for incoheren
t emission. T

he key requirem
ent for superra-

diance, h
owever, i

s that all
of the ato

ms need to be within
one wave

-

length from each other to experienc
e near-field

interactio
ns, i.e.,

kr < k for a transition
wavevect

or k and an inter-emitter spac
ing r.

This spac
ing const

raint can
not be ea

sily realiz
ed in current s

olid state

and optical ex
perimental setu

ps. To re
alize the

enhanced
spontane

ous

emission propertie
s of Dick

e states, w
e need to increase

the distan
ce

over whi
ch emitters can

interact w
ith each other wit

hout sign
ificant

loss.

Resonant
nanopho

tonic stru
ctures, su

ch as metamaterials,
10 cavi-

ties,
11 and photonic

crystals,
12 are one s

uch way of en
hancing s

ponta-

neous em
ission and increasin

g the ran
ge of inte

r-emitter inter
actions.

Several r
esearch groups h

ave demonstrated
a series of

metamaterials

with near-zero
refractive

index.
13–16 A near-zero

refractive
index

(NZRI) o
ccurs when either the effective

permittivity (epsilon-
near-

zero, ENZ
), permeability (m

u-near-ze
ro, MNZ), or b

oth (epsilon-
mu-

near-zero
, EMNZ) appr

oach zero. Aro
und the NZR

I frequen
cy, light

experienc
es no spa

tial phase
advance

and has an effective
infinite sp

a-

tial wave
length. E

NZ materials, i
n particular

, offer ad
ditional o

ptical

propertie
s, includi

ng both n
onlinear

17 and local
spontane

ous emission

enhancem
ent

18–20 due to ov
erall field

enhancem
ent in EN

Z media.

Due to the infini
te wavele

ngth, the
subwavel

ength condition
for

Dicke superrad
iance is satisfied

even for large inter-emitter separa-

tions.
18,19 There have been several theoretica

l investigat
ions into

enhancem
ent of su

perradian
ce in NZRI ph

otonic systems, includi
ng

ENZ plasmonic channels
,21 waveguid

es at the
cutoff fre

quency,
22–25

and in theoretica
l ENZ media.

18 Recently,
the impact of d

imensional-

ities on fundamental rad
iative pro

cesses, in
cluding s

pontaneo
us emis-

sion, was theoretica
lly worked

out.
20 A major drawback

of the

proposed
implementations

is the high losses, in
trinsic in plasmonic

systems, which imposes a significan
t limitation on experiments
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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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