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material could be delivered to Enceladus’s
surface by comets and asteroids, but it
still must make its way to the liquid ocean.
The thinner and more cracked the crust,
the more likely that is.

The question of habitability is not the
only unsolved mystery about Enceladus.
Researchers are also particularly curious
about how the moon acquired its ocean
in the first place. A liquid ocean requires
tidal heating, which requires a crust
that’s thin enough to deform. Enceladus
could just as easily have remained frozen

solid, as its neighboring moon Mimas
shows: Mimas is similar in size to Ence-
ladus and closer to Saturn, but it shows
no signs of geological activity.

Cassini’s mission, originally sched-
uled to last until 2008, has been extended
twice. But now the orbiter is running out
of fuel, and its mission must end in Sep-
tember of this year: It will plunge into
Saturn’s atmosphere to avoid contami-
nating any of the moons with terrestrial
material. It will make no more visits to
Enceladus during its remaining time.

Further insight into the moon’s secrets
will have to wait until the next mission
to Saturn. No such mission is yet in the
works, although several have been pro-
posed, including the Enceladus Life
Finder, which would look for possible
biomolecules in the icy jets.

Johanna Miller
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Photonic doping tunes transparent media

When a material's index of
refraction is zero, strange
things happen to an
electromagnetic wave
passing through it.

index 1 is the ratio of the speed of an

electromagnetic wave in vacuum to its
phase velocity in the material. It's also
given by (eu)"?, where ¢ is the material’s
electric permittivity and u the magnetic
permeability. So the phase velocity be-
comes effectively infinite if ¢ (and thus n)
ever approach zero, which can happen
when free electrons in materials such as
metals and heavily doped semiconduc-
tors are driven by the electromagnetic
wave to oscillate at their resonance
(plasma) frequencies. And for an incident
wave of fixed frequency, a huge phase
velocity implies a huge wavelength.

In 2006 Mario Silveirinha (now at the
University of Lisbon) and the University
of Pennsylvania’s Nader Engheta showed
theoretically that one can exploit the
ultralong wavelength at microwave fre-
quencies to connect two separate wave-
guides with a long, narrow, two-
dimensional channel filled with an
e-near-zero (ENZ) material.! As it flows
from one waveguide into the channel,
the radiation becomes so delocalized
that it can efficiently traverse the channel
and enter the other waveguide regard-
less of the channel’s length or curvature.
Counterintuitively, the narrower the
channel, the greater the wave transmis-
sion. Two years later the researchers had
designed and built a working device.

Engheta and his collaborators have
now shown how to generalize that effi-
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PHOTONIC DOPING. An impurity introduced into a medium with near-zero permittivity
produces a near-zero permeability and resonant transmission. (a) The copper-clad wave-
guides (brown) are the input and output ports for a metamaterial comprising two parallel
metal plates separated by an air-filled cavity doped with a black dielectric rod. Two
configurations are shown, with the top plates removed to show the cavities’ different
geometries and possible positions of the rod (dashed circles). (b) Snapshots of the
simulated microwaves’ magnetic field H reveal its predicted spatial uniformity in the cavities.
(c) As the microwave frequency w nears the cavities’ cutoff frequency w,, the measured
transmission spikes when the rod is in any of the three locations, but is featureless in

the absence of the rod. (Adapted from ref. 2.)

cient transmission for an ENZ medium
that fills any 2D area.? The achievement
gives engineers room to better showcase
the materials” advantageous properties.
They act as directional filters because only
normally incident radiation can penetrate
them. By the same token, they are also
light shapers because the wavefront of an
emerging beam must be parallel to the con-
tours of the interface. The radiation pattern
from an ENZ antenna, for instance, can be
made sharply directional. The ENZ liter-
ature abounds with potential applica-
tions: light trapping, nonlinear wavemix-
ing, quantum information processing,
and heat management, among others.’

The dope on dielectrics

The trick to the generalization is modify-
ing an ENZ material’s near-infinite im-
pedance, given by (u/e)'?, so that it
matches that of the surrounding finite-
impedance material and prevents reflec-
tions of the normally incident wave at
the entrance and exit ports. Narrow-
channel constrictions sidestep the need
for such matching at the boundaries. But
for an unconstricted interface, imped-
ance matching requires that both ¢ and p
be near zero, a combination that no nat-
ural material can boast at any frequency.

Using a technique they call photonic



doping, Engheta and company demon-
strate that one can implant an ENZ
material with dielectric impurities specif-
ically chosen to tune the material’s ef-
fective u to near zero.? Although the im-
purities are not necessarily magnetic
themselves, they can change the magnetic
field inside the host in order to alter its
optical properties.

Conveniently, because the wavelength
of the electromagnetic field is effectively
infinite inside the material, the dopants
need not be distributed homogeneously.
Indeed, as the researchers showed theo-
retically and experimentally, even a single
dielectric particle implanted anywhere
in the host can do the job. Choosing the
dopant’s appropriate size and ¢ for a
given area of its host boils down to solv-
ing a boundary-value problem.

Photonic doping goes beyond im-
pedance matching, though. The ability to
tune the effective 1 over a large range of
values, from negative to positive, makes
the technique broadly applicable. As an
ENZ body’s effective u approaches in-
finity, for instance, it becomes a perfect
magnetic shield.

Metamaterial for microwaves

For more than a decade, researchers have
used arrays of composite materials
whose effective ¢ and p are designed to
produce electromagnetic properties im-
possible to find in nature: an ability to re-
fract light in a direction opposite that of
ordinary materials, for instance, or to ap-
pear invisible at certain frequencies (see
PHYsICS TODAY, February 2007, page 19).
But whereas one must make pervasive
changes to the composite building blocks
of the bulk structure to modify how it
scatters waves, Engheta and colleagues’
technique requires only a localized (and
usually small) change to a material—to
its dopant—to dramatically alter the
scattering response.

What’s more, the effective ¢ of the
composite material remains zero despite
the presence of the dopant—no matter its
size. That’s because the phase and mag-
nitude of the magnetic field must remain
spatially uniform inside an ENZ host,
including around the dopant. The upshot,
as Engheta puts it: “Because the struc-
ture’s effective ¢ cannot change in re-
sponse to the changed dielectric proper-
ties, its effective p does, even though
neither material is magnetic.”

Another consequence of the field’s
spatial uniformity is that the location of

the dopant in its ENZ host doesn’t matter.
Nor does the host’s external geometry, as
long as its cross-sectional area remains
constant. The invariance may come in
handy in applications that call for bendy
metamaterials that change shape.

Engheta and coworkers’ proof-of-
concept experiment is outlined in the fig-
ure. In addition to metals and doped
semiconductors, polar dielectrics and
some metal oxides also exhibit ENZ be-
havior at particular frequencies. But nat-
ural materials also absorb part of the ra-
diation at the resonance frequencies
where their conduction electrons behave
like plasmas. To avoid energy losses, and
to test the concept at microwave frequen-
cies, the researchers instead opted for an
artificial structure—two parallel metal
plates sandwiched by air. As first estab-
lished by antenna designer Walter Rot-
man in 1962, the effective ¢ of a stack of
metal plates is zero when the distance
between the plates is half the free-space
wavelength of an incident electromag-
netic wave parallel to them.

The figure shows two versions of the
metamaterial, their top plates removed
to reveal the cavities’ shapes and possi-
ble positions of a dopant to produce a
near-zero (. With the interplate distance
reduced to roughly 6 cm, each cavity can
support the propagation of a single elec-
tromagnetic mode inside it. (Vertically
oriented wires around the dopant short-
circuit any other modes that are excited
by scattering from the dopant.) As the re-
searchers progressively increased the
frequency of incident microwaves sent
from one waveguide to the cavity, they
monitored the transmission through the
other waveguide. Reassuringly, in each
experimental trial the transmission spiked
at the same frequency, regardless of the
cavity’s geometry or the dopant’s position.

Engheta and colleagues derived the
concept of photonic doping specifically
for 2D systems, whether natural or arti-
ficial. But the concept can be imple-
mented in any 3D body with a high as-
pect ratio or, as exemplified by the
experiment, in any 3D structure whose
field variation is fixed in one direction.

Mark Wilson
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