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Physics of Epsilon-Near-Zero (ENZ) Materials

  

       Thus vphase = c / n is nearly in nite
       λ = λvac / n is nearly in nite

     Einstein A A)
              A = n Avac 

     Einstein B coe cient 
B

             B = Bvac  / n

    

ε
n = sqrt (ε) is nearly zero. 



Physics of Epsilon-Near-Zero (ENZ) Materials -- More

???

Y. Li, et al., Nat. Photonics 9, 738, 2015; D. I. Vulis, et al., Opt. Express 25, 12381, 2017.

 Y. Li, et al., Nat. Photonics 9, 738, 2015.



 Maxwell Equations Prediction

•  light enters slab at normal incidence

n = 0n = 0



Some Consequences of ENZ Behaviour - 1

n = 0n = 0

..

n = 0

A. Alù et al., Phys. Rev. B 75, 155410, 2007; X.-T. He, ACS Photonics, 3,  2262, 2016.

J. Bravo-Abad et al., Proc. Natl. Acad. Sci. USA 109, 976, 2012.

O. Reshef et al., ACS Photonics  4, 2385, 2017.
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Some Consequences of ENZ Behaviour - 2

n = 0

n = 0

c vanishes 

In
H. Suchowski et al., Science 342, 1223, 2013.

M. G. Silveirinha and N. Engheta, Phys. Rev. B  76, 245109, 2007; B. Edwards et al.,  Phys. Rev. Lett. 
     100, 033903, 2008.



Some Consequences of ENZ Behaviour - 3
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Epsilon-Near-Zero Materials
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Implications of ENZ Behavior for Nonlinear Optics

Here is the intuition for why the ENZ condition is of interest in NLO

Note that under ENZ conditions the denominator becomes very small, 
leading to a very large value of n2

P = χ (1) E+ χ (2) E2 + χ (3) E3 + ...
P is the induced dipole moment per unit volume and E is the field amplitude.

Also, the refractive index changes according to

n = n0 + n2I + n4I2 + ...

Standard notation for perturbative NLO

Footnote:



Indium tin oxide (ITO)

λ = 1240 nm

chalcogenide
glass

M. Z. Alam et al, Science 352, 795–797 (2016)

Huge nonlinear optical response of ITO at its ENZ wavelength
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Giant Nonlinear Response of ENZ Metastructures
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• Nonlinear optical phenomena currently 
require high-intensity sources, which are 
generally incompatible with nanophotonics

• Photonics could have an enormous impact 
on many new fields if nonlinearity is 
fundamentally enhanced

• ENZ metastructures provide giant tailorable 
nonlinearity

• Enhanced nonlinearity will open door to 
manipulating light on the nanoscale
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• Re-formulate nonlinear optics for non-perturbative regime
• Explore experimental characteristics of ENZ/EMNZ platforms
• Fabricate devices to exploit novel features






