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Locally resonant metamaterials



Dielectric material 

Dielectric

Atoms=sub-λ resonators

Effective parameter:

Index of refraction

<d> << λ



What is a metamaterial ?

metamaterial

d << λ

Replace atoms by different material inclusions with typical spacing << wavelength

atoms (microscopic scatterer) => bulk dielectric (macroscopic)

~ Angstrom high frequency properties

material with inclusions (mesoscopic) => bulk metamaterial (macroscopic)

cm to nm MHz to optics

J. B. Pendry et al. Phys. Rev. Lett. 76, 4773 (1996).

J. B. Pendry et al. IEEE Transactions on Microwave Theory and Techniques 47, 2075 (1999).



What is a locally resonant metamaterial ?

Resonant unit cell, large scattering cross section =>

- similar to dielectrics, but scattering cross section can 

be much higher (Albedo~1 vs 0)

- high, negative, near-zero effective properties

J. B. Pendry et al. IEEE Transactions on Microwave Theory and Techniques 47, 2075 (1999).

Z. Liu, et al. Science 289, 1734 (2000).



Certain locally resonant metamaterials are typical polaritons : 

hybridization band gap materials

Resonant atom
Photon
Polariton

Local resonance 
Phonon
Polariton

Negative effective property band 

= Hybridization band gap

High effective 

property band 

Lemoult et al., Nature Physics 9, 55-60 (2013).

Leaky band

If no near field coupling



What people usually do with this kind of media

Resonant atom
Photon
Polariton

Local resonance 
Phonon
Polariton

NIM Superlens for 

imaging/focusing

High index for 

guiding/controlling 

waves

Cloaking, transformations, 

etc…

Pendry & Smith, 

Zhang group, etc…



What we do with this kind of media: the other way around

Resonant atom
Photon
Polariton

Local resonance 
Phonon
Polariton

Hybridization band gap for guiding 

waves (if no near field coupling)

High index for 

subwavelength 

focusing from the 

far field



Far field super resolution imaging with positive only metamaterials

Resonant atom
Photon
Polariton

Local resonance 
Phonon
Polariton

High index for 

subwavelength 

focusing from the 

far field



Resonant metalens: a polychromatic 

approach to far field superlensing



Effective property VS band strucure of a locally resonant metameterial

High effective 

property

Effective property Band structure

Negative effective 

property (band gap)

The high effective property band of the metamaterial is located below 

the « light/sound/… line »

=> the metamaterial is a continuum of evanescent waves 

(need them for superlensing!!!)



Finite size locally resonant metamaterial: discrete modes

L

L

Metamaterial: bunch of closely 

spaced subwavelength resonators



Finite size locally resonant metamaterial: discrete modes

L

L

Finite size => 

boundary conditions 

=> discretization of 

the modes and 

resonant frequencies



L

L

Finite size locally resonant metamaterial: discrete modes

N resonators analogous to N 

cascaded spring/mass or RLC 

resonators 

=> lifting of the levels, N 

modes, N resonant 

frequencies 



L

L

First principle of resonant metalens: frequency/time coding of subwavelength 

information

Broadband illumination (pulse or frequency 
scanning) 

Coupled sub-λ resonators (finite size)

Frequency/Time coding of spatial sub-λ info



How about the far field ? Evanescent waves: not propagating at all 

Propagation window



Scattering of evanescent waves through finite size effects (corners)



Finite size effect scattering of evanescent waves: very inefficient usually

Propagation window

-30 to 

-45 dB



Finite size scattering for locally resonant metamaterials: resonant 

amplification of the evanescent modes

Propagation window

Around 

0 dB



Second principle of resonant metalens: resonant amplification of evanescent 

modes and very efficient far field radiation

Evanescent waves scatter very inefficiently in the far field, but they are 

trapped in the resonant medium

Energy is built with time: resonant amplification of the evanescent modes

Very efficient radiation of subwavelength information in the far field (you 

may have to wait a certain time)



Resonant metalens, principles

� Broadband illumination (pulse or frequency scanning) 

� Coupled sub-λ resonators (finite size)

Frequency/Time coding of spatial sub-λ info

� Far field radiation (Purcell effect, resonant enhancement)

Efficient energy radiation of sub-λ info

� Limitation:  losses, distance between resonators

Lemoult et al., Phys. Rev. Lett. 104, 203901 (2010)



Resonant metalens: what can I use it 

for ?



Finite size L
Near field source 

decomposition onto the 

sub-λ eigenmodes and 

propagation toward far 

field

What can be done with a resonant metalens ?
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Finite size L

What can be done with a resonant metalens ?

Near field source 

decomposition onto the 

sub-λ eigenmodes and 

propagation toward far 

field



In the far field, one 

acquires the 

information of the 

source, whatever its 

complexity (point or 

object)

Finite size L

What can be done with a resonant metalens ?

Near field source 

decomposition onto the 

sub-λ eigenmodes and 

propagation toward far 

field



resonances

radiation

reconstruction

decomposition

Sub-λ imaging using our superlens



Far field subwavelength focusing using time reversal and a resonant metalens

Phase 

conjugation
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Spatial focusing

Limited by the number of 

statistically independent 
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( )2

*
rH
rω

( )3

*
rH
rω

( )1

*
rH
rω



Far field subwavelength focusing using time reversal and a resonant metalens

= Spatio-temporal focusing 
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Mosk, Lagendijk, Lerosey, Fink, Nature Photonics (2012)



Original demonstrations: beating the 

diffraction limit with a microwave 

resonant metalens

Lerosey et al., Science 315, 1120 (2007)

Lemoult et al., Phys. Rev. Lett. 104, 203901 (2010)

Lemoult et al., Waves in Random and Complex Media 21, 591 (2011)

Lemoult et al., Waves in Random and Complex Media 21, 614 (2011) 



Original demonstrations using microwaves

Lemoult et al., Phys. Rev. Lett. 104, 203901 (2010)

Lemoult et al., Waves in Random and Complex Media 21, 591 (2011)

Lemoult et al., Waves in Random and Complex Media 21, 614 (2011) 

Lerosey et al., Science

315, 1120 (2007)

First experimental proof on concept:

Theoretical explanation and experimental validation:



The best tool for microwave/millimeter/Thz: metallic wire

Unit cell

Sub-λ resonator

λ/2 long metallic wire:

Diameter much smaller 

than length (and hence 

wavelength)

From top: perfect “atom”



Discrete resonant modes of an array of resonant metallic wires, frequency 

coding of spatial information

330 MHz - λ/8 345 MHz – λ/20 369 MHz – λ/40 373.5 MHz – λ/70

Each spatial frequency/mode � different resonance frequency

Spatial information is coded in time/frequency thanks to dispersion



Dispersion relation of an array of resonant metallic wires

Bounded wire medium: stationary eigenmodes = Fabry-Pérot collective 

modes = trapped spoof plasmons = finite size high effective index very 

dispersive material

Finite sized wire medium

These are spoof plasmons !

(J.B. Pendry, Garcia-Vidal, 

Martin Moreno, Science 305, 

5685, 2004) 



Far field radiation of the resonant subwavelength modes

Resonance inside the wire medium + Finite size effect (scattering to plane waves)
= Resonant amplification in the medium (Purcell effect) => perfect radiation (if lossless)

λ/3

330 MHz - λ/8 345 MHz – λ/20 369 MHz – λ/40 373.5 MHz – λ/70

Lemoult et al., Waves in Random and Complex Media 21, 614 (2011) 



Emission:

5 ns

Lemoult et al., Phys. Rev. Lett. 104, 203901 (2010)

Experiment



- 1 far field antenna
- Free space propagation
- Time reversal

Lemoult et al., Phys. Rev. Lett. 104, 203901 (2010)

Experiment



Imaging below the diffraction limit from the far field 
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Lemoult et al., Phys. Rev. Lett. 104, 203901 (2010)



Imaging below the diffraction limit from the far field 

Lemoult et al., Phys. Rev. Lett. 104, 203901 (2010)

Acquisition and post-processing of the far 

field

λ/80! Parallel near field imaging, no scanning 

needed!



Let’s try with another type of waves : 

acoustic waves

Lemoult et al, Int. Journal Micro. Sci. Tech. 2011, 425710 (2011).  

Lemoult F., Fink, M. and Lerosey, G. Phys. Rev. Lett. 107, 064301 (2011)



Common acoustic resonators

Unit cell

Sub-λ
resonator

pipe



Common acoustic resonators

Helmholtz 

resonator

Unit cell

Sub-λ
resonator

pipe Too lossy



Resonance of a soda can

Resonance in air @ 420 Hz (λ=0.8m)

sub-λ resonator (diameter = 6,5 cm)

Low loss

Zhang et al., PRL

102, 194901 (2009)

Fang et al Nat. 

Mater. 5, 452 

(2006) 



Resonance of a soda can

Resonance in air @ 420 Hz (λ=0.8m)

sub-λ resonator (diameter = 6,5 cm)

Low loss

Zhang et al., PRL

102, 194901 (2009)

Fang et al Nat. 

Mater. 5, 452 

(2006) 



Experimental setup

1. 8 speakers

2. Soda cans array

3. Microphone

4. Multiple I/O sound card

5. 3D moving stage

λ/2

Lemoult et al., Phys. Rev. Lett. 107, 064301 (2011)

λ/2



Observation of the discrete modes of the acoustic resonant metalens

Lemoult et al., Phys. Rev. Lett. 107, 064301 (2011)

Impulse response between one 

speaker and one soda can 

(blue), emitted pulse (red)

Average measured spectrum 

on cans: discrete resonant 

modes



Experimental measurement of the sub-λλλλ resonant modes

λ/2

λ/4

λ/3

λ/6

Lemoult et al., Phys. Rev. Lett. 107, 064301 (2011)



Lemoult F., Fink, M. 

and Lerosey, G.

Phys. Rev. Lett. 107, 

064301 (2011)

Dispersion relation of the soda can metamaterial



Focusing from the far field using time reversal

Control time reversal

(without cans)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

-1

-0.5

0

0.5

1

Time [s]

Lemoult F., Fink, M. and Lerosey, G. Phys. Rev. Lett. 107, 064301 (2011)



Focusing from the far field

Diffraction limited focal spots:

Width=λ/2

Control time reversal

(without cans)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

-1

-0.5

0

0.5

1

Time [s]

Lemoult F., Fink, M. and Lerosey, G. Phys. Rev. Lett. 107, 064301 (2011)



Sub-λ focusing from the far field

time reversal

(on top of cans) 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5-1   

-0.5    

0   

0.5   

1   

Time [s]

Lemoult, Fink and Lerosey, Phys. Rev. Lett. 107, 064301 (2011)



Sub-λ focusing from the far field

Sub-λ focal spots:

Width=λ/8

time reversal

(on top of cans) 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5-1   

-0.5    

0   

0.5   

1   

Time [s]

Lemoult, Fink and Lerosey, Phys. Rev. Lett. 107, 064301 (2011)



Even deeper Sub-λ focusing from the far field

Iterative time reversal

(on top of cans)
0 0.2 0.4 0.6 0.8 1 1.2 1.4-1   

-0.5   

0 

0.5   

1  

Lemoult F., Fink, M. and Lerosey, G. Phys. Rev. Lett. 107, 064301 (2011)



Even deeper Sub-λ focusing from the far field

Sub-λ focal spots:

Width=λ/25

Iterative time reversal

(on top of cans)
0 0.2 0.4 0.6 0.8 1 1.2 1.4-1   

-0.5   

0 

0.5   

1  

Lemoult F., Fink, M. and Lerosey, G. Phys. Rev. Lett. 107, 064301 (2011)



How about Optics ? 

Using plasmonics in the visible part of 

the spectrum

(sorry, numerical only)

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



Plasmonic nanoparticle

d << L : sub-λ resonator

silver: lossy (but acceptable)

3D simulation

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



Nanorod medium: sub-λ modes

no slow light => no high lifetimes

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)

NOT polaritonic only 

=> Near field coupling 

between nanorods 

due to charge 

accumulations



Far field radiation

3D simulation

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



Spatio-temporal degrees of freedom

Near field: sub-λ modes

Far field: spatio-temporal degrees of freedom 3D simulation

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



Focusing from the far field with time varying light

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



Sub-λ focusing from the far field

control Time reversal Iterative TR

3D simulation

350 nm (λ/2) 100 nm (λ/7) 30 nm (λ/23)

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



8x8 acquisition signals

Pulse echo Sub-λ imaging from the far field

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



Pulse echo Sub-λ imaging from the far field: 80 nm (λλλλ/6) resolution

Low contrast dielectric object

3D simulation

Lemoult, Fink and Lerosey, Nature Communications, 3 889 (2012)



Controlling the flow of waves at the 

deep subwavelength scale in 

metamaterials:

Going beyond the effective medium

Fabrice Lemoult, Nadège Kaina, Mathias Fink & Geoffroy Lerosey. “Wave propagation control at the deep 

subwavelength scale in metamaterials”. Nature Physics 9, 55-60 (2013).



Hybridization between the waves and the resonators

High index: subwavelength 
focusing

Hybridization band gap

Resonant state
Photon
Polariton

We played here

No hybridization between resonators, but between resonators and waves !



Hybridization between the waves and the resonators

High index: subwavelength 
focusing

Hybridization band gap

Resonant state
Photon
Polariton

Now we play 

here

The hybridization band gap of many metamaterials simply results from interferences: let’s try 

stuff from photonic/phononic crystals



Resonant metallic wire medium: pure polariton

Simulation of resonant metallic wire 

in a waveguide (quasi 1D) and 

comparison with transfer matrix

Good fit with 2D measured sample 

and dispersion relation obtained 

analytically

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).



(Hybridization/polariton/Negative effective property) band gap of our 

copper wires sample

20*20 wires, λλλλ/40 

spacing



Defects cavity in a subwavelength array of resonant wires

Removing a wire => (λλλλ/40)2 defect… No mode supported

Solution : shorten a wire, now resonates at higher frequency f1



Let’s play with defects at the deep subwavelength scale in the 

electromagnetic metamaterial

fd = 775 MHz f0 = 720 MHz



A (λλλλ/50)2 area cavity in an array of metallic wires

The components are 

obtained by shortening 

a single or ensembles of 

wires

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).



Waveguiding RF waves in a λλλλ/40 channel in a metamaterial

The components are 

obtained by shortening 

a single or ensembles of 

wires

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).

No out of plane scattering



Bending RF waves within a λλλλ/35 distance

The components are 

obtained by shortening 

a single or ensembles of 

wires

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).

Unity efficiency of 

bending, no engineering



Splitting RF waves at a λ/λ/λ/λ/40 scale in the metamaterial

The components are 

obtained by shortening 

a single or ensembles of 

wires

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).



The results are not sensitive to disorder

Band gap due 

to resonance of 

wires, not to 

order !

Kaina, Lemoult, Fink and Lerosey. APL, 102, 144104 (2013).



Ongoing: slow light at microwave/MM/THz in deep subwavelength 

structures

a =λλλλ0 / 20 a =λλλλ0 / 20a =λλλλ0 / 20

∆∆∆∆kMETAMATERIAL >> ∆∆∆∆kPC

∆ω∆ω∆ω∆ωMETAMATERIAL >> ∆ω∆ω∆ω∆ωPC

∆t = 36 ns

ng = 135

(can be largely increased)

Tremendous advantage

over photonic crystals:

High ng



Hybridization band gap of our soda cans sample

Soda can still resonate 

around 420 Hz

6.5 cm spacing (λλλλ/14), 

ordered



Soda can array: Helmholtz acoustic resonators polariton

Excellent agreement between the 

quasi-1D model and the 2D 

experimental data in air

Simulation of resonant soda cans 

(quasi 1D) and comparison with 

transfer matrix



Defect cavity in the array of cans

first idea (photonic/phononic Crystal 

examples):

remove 1 can 

no mode supported by the defect, it is too 

small (λλλλ/14)2



Defect cavity in the array of cans

first idea (photonic/phononic Crystal 

examples):

remove 1 can 

no mode supported by the defect, it is too 

small (λλλλ/14)2

Second idea:

Shift the resonance frequency of a soda can in 

the band gap 

We simply fill the can with some water (6cL) => 

shifts its resonance upwards



Let’s play with defects at the deep subwavelength scale in the 

acoustic metamaterial

fd=460 Hz f0=420 Hz

water 

+



A (λ/(λ/(λ/(λ/14)2 area cavity in an array of soda cans

The components are 

obtained by filling one 

can or ensembles of 

cans with a little water 

(shifts the resonance 

upwards)

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).



Waveguiding sound in a λ/λ/λ/λ/14 channel using soda cans

Here 5*12 cans

We pour 6 cL of water in a line of 12 cans

And we have a waveguide No out of plane scattering

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).



7 * 7 cans, a L-shaped 

waveguide of cans is 

filled with 6 cL of 

water

Bending sound in two directions with λλλλ/14 in soda cans

Unity efficiency of 

bending, no engineering

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).



Splitting sound in two directions with λλλλ/14 in soda cans

7 * 7 cans, a T-shaped 

waveguide of cans is 

filled with 6 cL of 

water

Lemoult, Kaina, Fink and Lerosey. Nature Physics, 9, 55-60 (2013).



We can even guide sound in a randomly positioned can array

A line of cans 

guides sound 

when filled 

with water

Simulated disordered array of soda cans

Structure: 

49 randomly 

positioned 

cans

Collective mode: below 

the band gap, all cans 

oscillate together



Summary

Finite size locally resonant 

metamaterials are super lenses 

for far field subwavelength 

focusing and imaging

It is possible to control waves
in those media as in 

photonic/phononic crystals
yet on a scale much smaller
than λ (if near field coupling

is negligible)



Thanks a lot to the organizers 

and to you for attending


