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What are near-zero index media?

Introduction
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Introduction: NZI media

n > 1
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Introduction: NZI media

n > 1

As the index decreases, the effective wavelength increases.
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Introduction: NZI media

n = 1

As the index decreases, the effective wavelength increases.
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Introduction: NZI media

n < 1

As the index decreases, the effective wavelength increases.
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Introduction: NZI media

n ≪ 1

As the index decreases, the effective wavelength increases.
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Introduction: NZI media

n = 0

As the index decreases, the effective wavelength increases.
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NZI properties

9

0
Zero k vector

∞ ∞

𝜆 =
𝜆0

𝑛

0
∞

Infinite wavelength

Zero phase change

00

Infinite phase velocity

𝐸 = 𝐸0𝑒−𝑖𝜔𝑡

0 Lobet, M.. et al. Momentum 
considerations inside near-
zero index materials. Light 
Sci Appl 11, 110 (2022).

Interestingly: no diffraction and no Doppler effect occur in NZI



Superradiance and near-zero refractive index materials: a win-win cooperation?

M. Lobet

10
M. Lobet 10

Zero k vector Infinite wavelength

Zero phase changeInfinite phase velocity

Air (𝑛 = 1) NZIM (𝑛 = 0) Air (𝑛 = 1)

NZI properties
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Introduction: NZI media

11

Introducing 3 classes

𝑛 = 𝜀𝜇 

𝜀 → 0
ENZ

𝜇 → 0
MNZ

𝜀 and 𝜇 → 0
EMNZ

Lobet, Michaël, et al. "Fundamental radiative processes in near-zero-index 

media of various dimensionalities." ACS Photonics 7.8 (2020): 1965-1970.

Lobet, Michaël, et al. "New horizons in near-zero refractive index photonics 

and hyperbolic metamaterials." ACS photonics 10.11 (2023): 3805-3820.
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How can we make NZI media?

12

Drude/Lorentz materials

𝜀𝐷𝑟𝑢𝑑𝑒 𝜔 = 1 −
𝜔𝑝

2

𝜔2 − 𝑖𝛾𝜔

𝜀𝐿𝑜𝑟𝑒𝑛𝑡𝑧 𝜔 = 𝜀∞ +
𝜔𝑝

2

𝜔0
2 − 𝜔2 − 𝑖𝛾𝜔

At 𝝎𝒑, 𝜺 → 𝟎

See Kinsey or Liberal/Engheta reviews

Waveguides at cut-off 

See Engheta/Polman works

Photonic crystals 
(Dirac cone MM)

See Mazur/CT Chan works
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How can it be useful for superradiance?

M. Gross and S. Haroche, Phys. 

Rep. (1982)
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S. Masson and A. Asenjo-Garcia, Nat. Com. (2022)

✓ It’s a near-field interaction

All emitters need to be within 
1 𝜆 from each other

⇔ 𝑘𝑟 < 𝜆

Need to adjust precisely 𝑟, the 
inter-emitter spacing 

Limitations
- Small number of atoms/emitters

- Small spatial extent

Dicke superradiance



Superradiance and near-zero refractive index materials: a win-win cooperation?

M. Lobet

15

Our approach

𝑘𝑟 < 𝜆 =
𝜆0

𝑛
𝑛

2𝜋

𝜆0
𝑟 =

As big as 
possible

As small
as possible

✓Use metamaterials?

∞𝟎

Use Near-Zero Refractive 
Index (NZI) materials!

(No phase change Δ𝜑 → 0)

Uniform 
phase
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Literature review

1D ENZ: Enhanced spontaneous emission
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𝐹𝑃 =
𝐴21

′

𝐴21
= 𝑍 𝜔 𝑅𝑒 𝑛 𝜔 𝑑−1

M. Lobet & al., ACS Photonics,7,1965-1970 (2020)

Fundamental radiative processes inside NZI

Purcell factor
∝ class
∝ dimension
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Literature review

1D ENZ: Enhanced spontaneous emission

! Losses !
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Design of NZI platforms

→ All-dielectric 

→ Visible 

→ Suitable for 
quantum optics 

2D ENZ diamond 
platform with SiV

centers
(emitters operating at 737 nm)

Tuning 𝑎 and 𝑟 such that:

      𝜀 → 0 at 737 nm

𝑟 𝑎

Near-Zero crossing

✓ O. Mello et al., Appl.

Phys. Lett. 120,

061105 (2022)

✓ O. Mello et al.,   Light: Sci 

& App. 14.1, 300 (2025).

𝜇 → 0 at 737 nm
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How does it help for superradiance?

𝛾± = 𝛾0 1 ±
3

2

sin 𝑘𝑟

𝑘𝑟
+

cos 𝑘𝑟

𝑘𝑟 2
−

sin 𝑘𝑟

𝑘𝑟 3

Distance 𝑟 [µ𝑚]

Sp
o

n
ta

n
eo

u
s 

em
is

si
o

n
 r

at
e 

𝛾
/𝛾

0
Superradiant

Subradiant

Air

Twofold 
enhancement NZI

Extended enhanced 
superradiance

𝒅 > 𝟏𝟑𝝀𝟎 

𝜆0

Dicke superradiance for two two-level system in NZI

Spontaneous emission rate

✓ O. Mello et al., Appl.

Phys. Lett. 120,

061105 (2022)

✓ O. Mello et al.,   Light: Sci 

& App. 14.1, 300 (2025).
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Emission from randomly positioned N dipoles

What if we increase the number of emitters?

Coherent emission from 𝑁 dipoles?

3 situations

Emitters randomly distributed 
inside diamond pillars

Emitters randomly distributed 
inside bulk diamond

Emitters randomly distributed 
inside confined bulk diamond

✓ O. Mello et al., Appl. Phys. Lett. 120, 061105 (2022)
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Emission from randomly positioned N dipoles

✓ O. Mello et al., Appl. Phys. Lett. 120, 061105 (2022)

Bulk: incoherent

Prad ∝ 𝑁

Prad ∝ 𝑁²

Hallmark of 
superradiance

Power enhancement
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Entanglement properties in the MNZ platform

Dipole-dipole coupling term

Free space

✓ O. Mello et al.,   Light: Sci & App. 14.1, 300 (2025).

MNZ metamaterial

Having a Γ12 ≫ 𝑔12 is ideal for attaining a large transient concurrence
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Entanglement properties in the MNZ platform

Concurrence [Wouters PRL 1998]

Free space

✓ O. Mello et al.,   Light: Sci & App. 14.1, 300 (2025).

MNZ metamaterial

Robust entanglement

𝐶 = 0.35
𝑎𝑡 𝑟12 = 17𝜆0 i.e. 

12.5µm

→ 10x ENZ 
plasmonic 
waveguide

Transient 
concurrence
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Entanglement properties in the MNZ platform

Steady-state concurrence 

One order of magnitude enhancement in the entanglement range compared 
to ENZ plasmonic waveguide

+ solve time evolution of 
density matrix

Add pumping
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Entanglement properties in the MNZ platform

Time evolution of the probabilities for the basis states

Steady state at 𝜸𝒕 = 𝟐𝟎
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Entanglement properties in the MNZ platform

Photon–photon intensity 
correlations at zero-time delay

Transitions from bunching to antibunching (𝒈𝟏𝟐
𝟐 𝟎 = 𝟎, correlated with 

entanglement) depending on the values of Rabi frequencies 𝛀𝟏, 𝛀𝟐

𝐻𝑖𝑔ℎ 𝐶,
𝑠𝑚𝑎𝑙𝑙 𝑔12

2 0

With the 
increasing 
separation 

between the 
quantum

emitters, the 
parameter space 
for antibunching 

shrinks as
expected.
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Conclusions

Superradiance and near-zero refractive 
index materials: a win-win cooperation?

Yes! That would be hype

Yes, maybe, if we 
can prove it 

experimentally
That’s about trust
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Conclusions

✓ 2D ENZ low loss metamaterial platform compatible for quantum 
optics

✓High degree of superradiance for distance greater than 13𝜆0

✓Power enhancement over 3 orders of magnitude higher than 
bulk for large arrays with 𝑁² scaling



www.unamur.be M. Lobet   33 

Conclusions
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Literature review

Strategies

K. Russel, … E. Hu , 

Nat. Phot. (2012)

✓Use (plasmonic) cavities

✓Use photonic crystals

D. Englund, …, J. Vuckovic , PRL. (2005)
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Act III: Momentum considerations inside NZRI

08-10-25
Lobet, M., Liberal, I., Vertchenko, L. et al. Momentum considerations inside near-
zero index materials. Light Sci Appl 11, 110 (2022). 
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Dicke superradiance for two two-level system

Analytical model

| ۧee

1

2
| ۧeg + | ۧge

1

2
| ۧeg − | ۧge

| ۧgg

symmetric superradiant state

| ۧe

| ۧg

| ۧe

| ۧg

𝑟

Dicke states

antisymmetric subradiant state

CONSTRUCTIVE DESTRUCTIVE
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Dicke superradiance for two two-level system in 2D ENZ

Spontaneous emission rate

Two-atom decay rate

Homogeneous NZI

(Analytical model)

Two-atom decay rate

2D ENZ diamond platform SiV centers

(COMSOL simulations)
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H. Suchowski et al, Science, vol. 342, 2013

Nonlinear phase matching

𝑛2 =
3𝜒(3)

4𝑛0ℜ 𝑛0 𝜖0𝑐

M. Zahirul Alam et al, Science, vol. 352, 2016

Nonlinear optics

M. Lobet et al, ACS Photonics, 10, 3805–3820 (2023).
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Applications of near-zero index materials
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X.Q. Huang et al, Nature Materials, vol. 10, 2011

Cloaking
Beam steering

M. Memarian et al, Nature Comm., vol. 6, 2015
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Applications of near-zero index materials
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M. Silveirinha & N. Engheta, PRL 97, 
2006 / PRB 76, 2007 / N. Engheta, 
Science, vol. 340, 2013

Supercoupling Ideal fluid

I. Liberal , PNAS, 2020
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Applications of near-zero index materials
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→ 0 Incompressible

→ 0 for TM fields in ENZ materials

Irrotational → No vortex I. Liberal , PNAS, 2020
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Applications of near-zero index materials
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H. Li & al. Nature Communications 13 (2022)
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Applications of near-zero index materials
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H. Li & al. Nature Communications 13 (2022)
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Applications of near-zero index materials
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Modified fundamental radiative processes

M. Lobet , ACS Photonics, 2020
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Applications of near-zero index materials
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(No losses)
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