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A Team Effort 



Metamaterials – Imaging 

[Pendry, Physical Review Letters 85, 3966 (2000)] 



Imaging – Optical Experiment  



Metamaterials – Transformation Optics 



San Diego, California (Summer 2009) 

Metamaterials – Transformation Optics 



Metamaterials – Transformation Optics 



Metamaterials – Cloaking 

[Pendry, et al., Science 31 2, 1780 (2006)] 



Metamaterials – Optical Wormholes 

[K Tsakmakidis and O Hess, Nature 451 , 27 (2008)] 



Metamaterials - Cloaking 

[Schurig, et al., Science 31 4, 977 (2006)] 



Speed Control ? 



Metamaterials – ‘Trapped Rainbow’ 

K L Tsakmakidis, A D Boardman, and O Hess,  
‘Trapped Rainbow’ Storage of Light in Metamaterials, Nature 450, 397-401 (2007) . 



Metamaterials – ‘Trapped Rainbow’ 

K L Tsakmakidis, A D Boardman, and O Hess,  
‘Trapped Rainbow’ Storage of Light in Metamaterials, Nature 450, 397-401 (2007) . 



Stopped Light in Nano-Plasmonic Waveguides 



Outline 

Extreme Sensing 
- stopped light 

- extreme light-matter interaction 

- ultra-sensitive sensing (factor 104) 

“Materials with New Properties” 
- negative refractive index 

- active ‘dark light’ 



Materials – Metamaterials 
Function from Structure 



Metamaterials – Negative Refractive Index 

“Split- Ring Resonator” 
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[Shelby et al., Science 292, 77 (2001)] 



Metamaterials – Negative Refractive Index 

[Shelby et al., Science 292, 77 (2001)] 



Metamaterials – Negative Refractive Index 

[Shelby et al., Science 
292, 77 (2001)] 



Metamaterials – Negative Refractive Index 

[Shelby et al., Science 
292, 77 (2001)] 



Metamaterials – Electromagnetic Spectrum 



Metamaterials - Cloaking 

[Schurig, et al., Science 31 4, 977 (2006)] 



Metamaterials – ‘Trapped Rainbow’ 

[K L Tsakmakidis, A D Boardman, and O Hess,  
‘Trapped Rainbow’ Storage of Light in Metamaterials,  
Nature 450, 397-401 (2007)] 



Metamaterials – Plasmonic Nanostructures 

 S.   Linden et al. ,   Science  306,  1 351  - 1 353 (2004)     

Fig. 1. Illustration of the analogy between a conventional 
LC circuit (A), consisting of an inductance L, a capacitance 
C, and the single SRRs used here (B). l, length; w, width; d, 

gap width; t, thickness 



From Meta-Molecules to Metamaterials 



Metamaterials – Fishnet Structure 

 Valentine et al. ,   Nature (2008) 



Gain-Enhanced Nanoplasmonic Metamaterials 

Valentine et al., Nature 455, 376 (2008) 

Xiao et al., Nature 466, 735 (2010)  

S Wuestner, A Pusch, KL Tsakmakidis, JM Hamm and O Hess,  
“Overcoming Losses with Gain in a Negative Refractive Index Metamaterial”  

Phys Rev Lett 105, 127401 (2010) 

Fishnet negative-index metamaterial 

Inclusion of dye gain: loss compensation 

Theory of gain-enhanced metamaterials 



Active Nanoplasmonic Metamaterials 
Nanoplasmonic Systems with Gain 



NANO-PLASMONIC SYSTEM 

Glass (n=1.5) 

d=40nm 
Silver 

dgap=0.5nm 

• Nearly touching cylinders with 40nm 
diameter 

• Embedded in glass (n=1.5) 
• Varying gap sizes 

 



Maxwell’s equations Material equations (ρ=0) 

Lorentz: 
Drude: 

spatio-temporal dynamics 

Plasmonic System 
Spatio-Temoral Nano-Plasmonics 

d=40nm 
Silver 

dgap= 0.5nm 

classical 
non-locality 
dynamically 

included 



Plasmonic System 
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“Dipole” 

Monomer 
  Lowest resonance is dipole centred at centre of cylinder 
 
Dimer 
Resonant modes are dipolar in nature 
Dipole is centred at touching point 
Nodes in field profile along the gap increase with 

increasing resonance energy 



Plasmonic System 
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“Quadrupolar” 

Dimer 
Lowest energy mode is quadrupolar in nature 
Higher energy modes correspond to the modes of single 

monomer 



NONLINEAR / QUANTUM SYSTEM 
“Rh800” dye molecules 

• Model decribes important radiative dipole 
transitions 

• Both dipoles are coupled by “fast” non-
radiative decay 
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Spontaneous Emission in Nanoplasmonic Systems with Gain 
Maxwell-Bloch Langevin equations 

A Pusch, S Wuestner, JM Hamm, KL Tsakmakidis, O Hess, ACS Nano 6, 2420-2431 (2012) 

n=1.5 

R=20nm 



Comparison: single cylinder (with gain) 

Impact of gain in single cylinder geometry (no field enhancement!): 

Negligible impact on cross sections for realistic gain densities 

n=1.5 

R=20nm 

Gain Parameters: Rh800 molecules 
fems=506 THz, fabs=659 THz, τems=20fs, τabs=20fs, τ21=2ps 
σems=0.024nm2,σabs=0.030nm2, Ntot=0.006nm-3 



Nanoscale cylinders with gain in gap 

Impact of gain in dimer cylinder geometry (large field enhancement!): 

Gain Parameters: Rh800 molecules 
fems=506 THz, fabs=659 THz, τems=20fs, τabs=20fs, τ21=2ps 
σems=0.024nm2,σabs=0.030nm2, Ntot=0.006nm-3 

Absorption Scattering 

Glass (n=1.5) 

d=40nm 
Silver 



Spatio-Temporal Dynamics 



Temporal evolution of dimers 

Two different modes can be found at the emission frequency: 

Probe Pulse 
• Dipolar 
• Radiative 
• Low Q 

Burst 
• Quadrupolar 
• “Dark” 
• High Q 



Refractive Index dynamics 

 Pumping is more effective and very fast 

 Inversion will change effective refractive index in gap (Δn≈0.005 ) 
 Gap is highly sensitive to refractive index change 
 Δn=0.005 corresponds to a peak shift of dipole resonance of about 15 THz 
 Peak shift will cause less effective pumping resulting in interesting temporal 

dynamics 



Conclusion 

Active Nanoplasmonic Sensing 
- nanofocusing enhances light-matter interaction 

- ultra-sensitive sensing (factor 104) 

- self-sustained oscillation due to high-Q factor 
of dark quadrupolar mode 

Active Nanoplasmonic Metasurfaces 
- Extreme control of light 

- Lasing emission from active metasurfaces – 
bright and dark lasing states 



Singularities in the Electronic and Photonic Density of States 
Dark States for Electrons and Photons 



Thanks for Your Attention 




