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Strong light-matter coupling in a quantum metasurface
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ABSTRACT

Metasurfaces have been used for light manipulation and control, from the point of view of planar optics or
polarization control, or non-linear light extraction. The properties of metasurfaces is rooted in the presence of
resonant basic elements which are responsible for strongly confined electromagnetic surface modes. We propose
to use these modes to enhance light-matter interaction in the vicinity of the surface by considering hybrid
structure made of a thin layer, such as a 2D quantum material or a thin film with embedded quantum dots. A
semi-classical theory will be proposed along with some functionalities attainable with the device.

1. INTRODUCTION

Metasurfaces have been used for light manipulation and control, from the point of view of planar optics or
polarization control, or non-linear light extraction. The properties of metasurfaces is rooted in the presence of
resonant basic elements which are responsible for strongly confined electromagnetic surface modes. We propose to
use these modes to enhance light-matter interaction in the vicinity of the surface by considering hybrid structure
made of a thin layer, such as a 2D quantum material or a thin film with embedded quantum dots.

Quantum metamaterials1–4 should serve to control the electromagnetic field at the quantum level.6,13 We do
not address this problem here, the field is considered classical and the quantum oscillators A semi-classical theory
will be proposed along with some functionalities attainable with the device. The metasurface is described using a
non-local impedance operator.8 This allows efficient numerical treatment as well as a theoretical approach based
on a modal expansion. The layer is treated either as a thin slab of material where the excitons are described
within the effective mass approximation (single effective particle picture), or as a collection of quantum oscillators
(many-body approach). An effective field description is given that allows for the study of topological excitations.

2. MODELING OF THE RESONATORS AND OF THE METAMATERIAL

The structure under study is depicted in fig. 1. The passive structure can be studied in the frequency domain.

The resonators are characterized by their scattering matrix S(ω).9–12 When the structure is illuminated by
an incident field, it gives rise to a scattered field that can be written:

Us(M) =
∑
p,n

spnϕn(M −Mp). (1)

where
ϕn(r, θ) = H(1)

n (k0|r|)einθ,

and H
(1)
n is the nth Hankel function of order 1. From multiple scattering theory,13–15 it can be shown that:

s(ω, k) = [1− S(ω)Σ(ω, k)]
−1
S(ω), (2)

where Σ(ω, k) is a lattice sum.16–18

The band diagram of the bare structure,19–21 that is the dielectric metamaterial without the inclusions is
given in fig. (2).

We use the band in the vicinity of the resonant transition frequency ω12 of the quantum oscillators.



Figure 1. Scheme of the structure under study.
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Figure 2. The dispersion curve for the Bloch modes in the presence of resonances. The light cone is depicted in red.

The propagation of a beam is ruled by the Maxwell-Bloch system
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In the time-independent approximation, the collection of oscillators gives rise to an effective polarization field
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Figure 3. Phase portrait of the system (13). The critical point of the abscissa axis corresponds to a solitary wave.

with susceptibility given by

χ(ω, |E|2) =
p2

ε0h
N0

(ω12 − ω) + iγ12

γ212 + (ω12 − ω)2 + 4p2A2

h2
γ12
γ11
|F |2

(6)

We assume that the field propagates along the meta-surface below the light-cone, in such a way that it is
legit to perform a paraxial approximation. In doing so, and considering that the field propagates along a mode
of the chain of wires, one obtains the following equation for the enveloppe of the electric field

i
∂E

∂z
= − 1

2β0
∆⊥E +

D0

2

∂2E

∂t2
− i

ν0

∂E

∂t
+ iχ(ω, |E|2)E (7)

In the low-intensity approximation, this equation can now be put in the form of Landau-Ginzburg equation

i
∂E

∂z
= − 1

2β0
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D0

2

∂2E

∂t2
− i

ν0

∂E

∂t
+ i(αE − µ|E|2E). (8)

This equation cannot be solved by inverse scattering techniques but the existence of solitary waves can be
investigated by plugging the generic form of a soliton for the non-linear schrödinger equation. Before doing so,
let us simplify the equation further by eliminating the transverse derivatives ∆⊥E. This retains the main physics
of the problem since the modes considered are below the light cone. Finally, since D0 � ν−10 , we are led to the
final equation to be solved

∂E

∂z
+

1

ν0

∂E

∂t
= αE − µ|E|2E. (9)

From this, conservation laws can be deduced. The continuity relation reads as

1

2

d

dt

∫
(E∂zE

∗ − E∗∂zE) dx =

∫
(αE∗∂zE − α∗E∂zE∗)dx−

∫
(βE∗∂zE − β∗E∂zE∗)|E|2dx , (10)

and the conservation of energy leads to
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d
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∫
|E|2dx = <(α)

∫
|E|2dx−<(β)

∫
|E|4dx. (11)



Figure 4. Propagation of a solitary wave along the meta-surface in the inversion regime.

The existence of solitary waves can be probed by injecting the form of a soliton inside the conservation laws.
Consider a soliton in the form

q(x, t) = 2η sech[2η(x− x̄)]e−2iξx−2iσ. (12)

When it is inserted in the conservation laws, this gives

dη

dt
= ν0αη −

16

3
ν0βη

3 (13)

dξ

dt
= (2− ν0)αξ +

8

3
(2ν0 + 1)η2ξ. (14)

A phase portrait of this dynamical system is given in fig. 3. There a non trivial critical point is seen for

ξc = 0, ηc =

√
3α

4β
. (15)

An example of such a solitary wave propagating along the metasurface is given in fig. 4, when the oscillators
are in the inversion regime, i.e. there is gain in the system.

It is interesting to note, that when the parameters of the solitary wave are away from the critical point, the
solitary wave tends to spread when propagating along the surface, as seen in fig.5.

In conclusion, we have demonstrated the existence of confined Bloch modes with small group velocity prop-
agating along the metasurface below the light-cone and we have derived a mean-field equation describing the
interaction of these modes with a collection of two-level systems situated in the metasurface. This interaction
results in the existence of solitary wave that can propagate along the metasurface.



Figure 5. Spreading of a solitary wave along the meta-surface in the inversion regime.
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