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Why mid-IR?

m Large number of possible applications

Spectroscopy
Heterodyne detection
Process controll

Security systems
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Metamaterial overview

Negative index'-? Magnetic mirrors3
"N. Liu et al. Nature Materials 7, 31 (2008) *J. Valentine et al., Nature 455, 376 (2008)
2 D. Burckel et al., Adv. Mater. 2010, 22, 3171 5 S. Burgos et al., Nature Materials 9, 407 (2010)

3D. Burckel et al., Adv. Mater. 2010, 22, 5053 6J. Ginn et al., Phys. Rev. Lett. 108, 097402 (2012)
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m Mostly 2D-
layer used

Metasurface

m Versatile
functionality

mV filter

m Geometry

defines
properties
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Light-matter coupling
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Polariton frequency

wlZ

Cavity frequency

m Bare cavity
splits into two
polaritons

m On resonance:
splitting=2Q

m Two oscillators
anti-cross
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Strong vs. ultra-strong coupling

- —,'— - Strong |
- —— Ultra-strong

Polariton frequencies

Rabi frequency
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Ultra-strong coupling physics R

m Splitting Q) similar to system resonance

Anti-resonant terms in equilibrium

m Squeezed vacuum as ground state

Release correlated photon pairs

m Light-matter superposition = Polaritons

Op = @‘E 2

GedMesimafietguency

C. Ciutu et al., Phys. Rev. B 72, 115303 (2005) S. Deliberato et al., Phys. Rev. Lett. 98, 103602 (2007)
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Metamaterial fabrication
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FDTD resonator design

plane wave, single-cycle
pulse source

AZ ABC

vacuum
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PBC

metasurface

substrate

Courtesy of D. Dietze
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Strong coupling theory vs. experiment

m FDTD
simulations

m Anti-crossing
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Polariton frequency (THz)
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Bare cavity resonance (THz)

" A. Gabbay et al., Appl. Phys. Lett. 98, 203103 (2011) 2 A. Gabbay et al., Opt. Exp. 20, 6584 (2012)
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Intersubband flexibility
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Experimental Rabi oscillations
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Experimental Rabi oscillations
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Experimental Rabi oscillations

Intensity (a.u.)

m Energy exchange
probed in time

200
33 fs oscillation
480 fs beating
0 1m System strongly
coupled
of— ¥ S~ Nam Splitting of 4.2
25 30 35 40 45

THz measured
Frequency (THz)

15 % of Wy,



E, near-field profiles

Sandia
National _
Laboratories

Frequency (THz) . On |y E
= VA
- couples
Near-field

00T

m Exponentially

00Z

g decaying
3° Integrated

0]0)7

over xy-plane

00§

m Transmission
at cavity res.

009




@ National
. . . Laboratories
Application vs. physics aR

Sandia

Transmission

m Transmission

§ m _/- fromOto 1l

Electrically
switchable

m Works at room
temperature

2
L_#EJ | m Resonances

®,, antl-Ccross

Frequency Q.=w,,



Application vs. physics
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Conclusion & Outlook
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m Ultra-strong light-matter interaction

Rabi frequency similar to bare cavity resonance
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