
62  PHYSICS TODAY  | MARCH 2022

QUICK STUDY Iñigo Liberal is a Ramón y Cajal fellow and 
European Research Council Starting Grant holder 
at the Public University of Navarre in Pamplona, 
Spain. Nader Engheta is the H. Nedwill Ramsey 
Professor of Electrical and Systems Engineering 
at the University of Pennsylvania in Philadelphia.

T
he refractive index of a material describes how fast 
light travels through it. The index is the dimension-
less ratio of light’s speed in a vacuum to its speed, or 
phase velocity, in the material. For a light wave whose 
temporal variation is given by a frequency ω, the re-
fractive index n(ω) defi nes the wavelength λ inside 

the material as 2πc/ωn(ω), and the phase velocity υp = c/n(ω), 
where c is the speed of light in vacuum. 

Both of those quantities dictate how light changes shape 
in space. Following Snell’s law, n(ω) determines the angle θ 
at which an incident wave is refracted at an optical interface 
between two materials: n1sinθ1 = n2sinθ2. And in nonmagnetic 
dielectrics, it dictates how much light is refl ected at that inter-
face: (n1 – n2)/(n1 + n2).

Because the refractive index is so prevalent in  light– matt er 
interactions, one might wonder how an electromagnetic wave 
behaves in materials for which n(ω) approaches  zero— known 
as  near- zero-index (NZI) materials. In such cases, λ becomes 
eff ectively infi nite and the wave appears completely delocal-
ized. Likewise, υp approaches infi nity and the phase advance 
is essentially frozen. 

Snell’s law collapses into highly selective angular fi ltering 
because only normally incident radiation can penetrate an NZI 
material. And unusual refl ection rules produce mirrors with a re-
versed phase. Such optically unusual materials open a fundamen-
tally new regime for  light– matt er interactions, where even the 
most basic intuition of classical electrodynamics can become dis-
torted. This Quick Study explores a few physical consequences.

Origins
How is it even possible for n(ω) to approach zero? Derived 
from Maxwell’s equations, n(ω) = √εμ, where ε and μ refer to 
the medium’s relative permitt ivity and relative permeability, 
respectively. That equation makes n(ω) a measure of the den-
sity of electric and magnetic polarization in a medium. In a 
vacuum, both μ and ε equal 1, and thus so does n(ω). But most 
materials present a larger density of polarization, with μ, ε, 
and n exceeding 1. 

Some materials are complex, as we suggested in the introduc-
tion, with a refractive index that changes with frequency. Metals 
are a good example. Their response at optical frequencies can be 
approximated by μ(ω) = 1 and ε(ω) = 1 − ωp

2/ω(ω + iωc), where 

ωp is the plasma frequency (which relates to the number den-
sity of electrons) and ωc is the collision frequency in the metal. 
If ωc is not too high (less than a few percent of ωp), ε of the 
metal approaches zero near its plasma frequency, and hence 
so does n(ωp).

Beyond that simple model, various materials with com-
plex dispersion profi les exhibit a  near- zero refractive index 
in a limited frequency range. Examples include doped semi-
conductors, polar dielectrics, and  transition- metal nitrides. 
What’s more,  metamaterials— electromagnetic constructs whose 
eff ective refractive indices emerge from their geometrical 
 structure— can be built with a negative refractive index (see the 
article by John Pendry and David Smith, Physics Today, June 
2004, page 37). Researchers can also artifi cially engineer NZI 
materials, including dispersive waveguides and  all- dielectric 
structures.

 Static– dynamic optics
It took the genius of James Clerk Maxwell to unify electricity, 
magnetism, and light into a single  entity— the electromagnetic 
fi eld. In his dynamical theory, he showed that the spatial 
and temporal variations of electric and magnetic fi elds are 
fundamentally intertwined and give rise to waves that travel 
at the speed of light in a vacuum. Maxwell’s curl equations 
∇ × E = iωμ0μH and ∇ × H = −iωε0εE best exemplify that notion 
of oscillating electric and magnetic fi elds. 

From those equations, it’s clear that as ε and μ approach 
zero at the operating frequency ω, the spatial and temporal vari-
ations of the electromagnetic fi elds decouple, so that ∇ × E = 0 
and ∇ × H = 0. But the decoupling induced by NZI media does 
not invalidate Maxwell’s work. On the contrary, it expands 
electrodynamics into new directions. In the NZI regime, the 
 time- harmonic solutions to Maxwell’s equations are neither 
completely static nor fully dynamic. They consist of spatially 
static fi eld distributions that oscillate in time.

One consequence of that decoupling between spatial and 
temporal fi eld variations is that the resonance frequency of an 
optical cavity can be independent of the geometry of its exter-
nal boundary. That’s not how resonators are supposed to be-
have. Waves in an optical cavity typically exist only at specifi c 
frequencies where the phase variations satisfy the boundary 
conditions imposed by the walls of the cavity. But that restric-
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tion disappears when the phase is frozen and resonant modes 
in NZI cavities obey completely diff erent rules. In this newly 
created class of optical resonators, the geometry of an external 
boundary confi ning the optical mode has no eff ect on the res-
onance frequency.

In another example, arbitrarily sized dielectric particles im-
mersed in NZI media do not scatt er light in the way that con-
ventional materials do. Instead, they act as photonic dopants 
that modify the eff ective permeability (see Physics Today, May 
2017, page 20). In doing so, the particles suppress the geomet-
rical restrictions of standard eff ective medium theories.

Ideal fluids of light
One surprising aspect of electrodynamics is that power can be 
transmitt ed through an NZI body from one region to another. 
Despite its spatially static character, the electromagnetic fi eld’s 
time evolution is not halted. Power can be transmitt ed through 
NZI media, but it does so in an unexpected way. We recently 
demonstrated, analytically and numerically, that the Poynting 
vector fi eld S(r,ω) = ½Re[E(r,ω) × H(r,ω)*], which describes the 
local properties of the power fl ow in  two- dimensional NZI me-
dia, is a divergenceless and irrotational fi eld. That is, it satisfi es 
∇ · S = 0 and ∇ × S = 0, equations that also describe the velocity 
fi eld in an ideal fl uid.

So far as power fl ow is concerned, NZI media can therefore 
be regarded as a perfect electromagnetic  fl uid— incompressible, 
inviscid, and irrotational, characterized by a total inhibition of 
turbulence. For that reason, light in NZI media fl ows smoothly 
and circumvents any obstacles in the way. As shown in the fi g-
ure, the fl ow doesn’t generate any vortices or refl ection.

The concept of an ideal fl uid provides a fresh perspective 
on one of the most iconic NZI  phenomena— supercoupling. 
Typically, when a fi eld propagating in a waveguide encoun-

ters a deformed section, part of the incident power is refl ected 
backward. But if the deformed section is fi lled with NZI mate-
rial, the power can be effi  ciently transmitt ed through it with-
out experiencing any scatt ering.

The eff ect takes place independently of the geometry of the 
deformed section and can be understood as a consequence of 
wavelength enlargement. Indeed, the wavelength becomes so 
large that the entire deformed,  NZI- fi lled section becomes eff ec-
tively compressed in space, much like an electromagnetic point. 
Input and output ports of the deformed waveguide become con-
nected; waves in one section can tunnel, unimpeded, into another.

Electromagnetic fl uids in NZI materials can be considered 
a bridge between fl uid dynamics and electrodynamics. They 
off er multiple crossbreeding opportunities. The application of 
airfoil theory to scatt ering systems, for example, might reveal 
new forms of optical manipulation. In addition, optical sys-
tems in which turbulence is intrinsically inhibited might also 
enable  high- precision metrology systems to operate under 
harsh mechanical conditions.
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IDEAL FLUIDS OF LIGHT. In a 
material whose refractive index 
is near zero (a), the wavelength 
of light becomes enormous. As 
a result, the electromagnetic 
wave becomes completely 
delocalized and its transmission 
through a deformed wave-
guide (orange)  perfect— that is, 
 turbulence- free— an eff ect known 
as supercoupling. (b) The fl ow 
of power and (c) transmission 
streamlines in the waveguide are 
equivalent to those of an ideal 
fl uid and inhibit optical turbu-
lence. A light wave entering the 
deformed waveguide (from left) 
smoothly adapts to the deforma-
tion and suff ers no backfl ow or 
vortex formation. (d) In a material 
whose refractive index n = 1, by 
contrast, vortices typically form 
in the corners of the waveguide 
and in the presence of obstacles 
to the fl ow.


