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Negative Refraction of Far-Infrared 
Radiation in Quartz
T. Dumelow, R. Rodrigues da Silva, R. Macêdo da Silva, J.A.P. da Costa, 
S.B. Honorato and A.P. Ayala

Interest in negative refraction has 
blossomed since 2000. � is is largely 

a result of the seminal work by Pendry, 
who examined some of the unusual ef-
fects, including possible subwavelength 
resolution, that may occur when a plane 
slab of negatively refracting medium is 
used as a lens.1 � e negatively refracting 
medium that Pendry considered has 
simultaneously negative permeability 
and permittivity (DNG medium). Meta-
materials of this type have since been 
extensively studied.

� ere are alternative ways for achiev-
ing negative refraction, however. A simple 
method makes use of a non-magnetic 
anisotropic medium with a dielectric 
tensor containing components with 
opposing signs. Consider a p-polarized 
beam of light passing from air to such a 
medium (a), with z normal to the surface 
and the incident beam in the xz plane. 
� e illustration shows the wave behavior 
if exx > 0, ezz < 0 in the anisotropic me-
dium. After passing across the interface, 
the wavefront directions are what one 
would expect from a conventional posi-
tively refracting medium, but the beam 
itself is negatively refracted. � is is true 
regardless of whether the incident angle 
is positive or negative.

As with DNG media, most stud-
ies of negative refraction based on this 
principle have relied on artifi cial meta-
material structures. In reality, natural 
crystals can also display the property 
exx > 0, ezz < 0 at far-infrared frequen-
cies. � is is because of resonant features 
in the dielectric function, which takes 
on negative values near the phonon 
excitation frequencies. In anisotropic 
crystals, these frequencies depend on 
the direction in which the phonons 
are polarized, so the condition exx > 0, 
ezz < 0 becomes perfectly possible over 
certain narrow frequency ranges.

We have investigated crystal quartz, 
aligned with its extraordinary axis along 
z, as such a negatively refracting mate-
rial.2 � e dielectric tensor components 
at far-infrared frequencies are shown in 
(b). � e condition Re(exx) > 0, Re(ezz) < 
0 is satisfi ed at the marked frequency, so 

(a) An oblique incidence beam passing from air to a medium with exx > 0, ezz < 0. (b) Principal 
components of the dielectric tensor of quartz. (c) Transmission of an oblique incidence beam 
through quartz at the marked frequency. (d) Oblique incidence transmission spectrum.
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we expect a beam transmitted across a 
quartz slab to be displaced in a manner 
consistent with negative refraction (c). 
Furthermore, despite some absorption, 
transmission should be signifi cant. 
We have confi rmed this behavior using 
spectroscopic transmission experiments 
in this confi guration (d). � us, there 
exists possibilities for developing natural 
crystals as Pendry-style slab lenses,3 and 
subwavelength imaging may even be 
possible in certain confi gurations. t
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Spacetime Cloaking
Martin McCall and Paul Kinsler

M artin McCall’s group at Imperial 
College have extended the idea 

of cloaking objects in space to hiding 
events in spacetime.1,2 � e idea is a 
mathematical extension of the concept 
of a spatial electromagnetic cloak in 
which media are designed to caress light 
around an object, rendering it invis-
ible to a distant observer.3,4 In the new 
scheme, one spatial variable is replaced 
by time so that diff erent portions of a ray 
are sped up and slowed down such that 
certain events are never illuminated. On 
reversing the process, the illuminating 
light is restored to its original uniform 
condition so that a distant observer will 
never suspect the occurrence of the un-
illuminated events.1 

� e design of both types of cloaks 
relies on the principle that Maxwell’s 
equations appear the same after coordi-
nate deformations. When one reinter-
prets such deformations as a change of 
material parameters rather than coordi-
nates, the deformations can be actual-
ized in physical space. By varying the 
magnetic and electrical responses in step, 
one can “fool” light into behaving as if 
the vacuum has been curved and hence 
no longer travels in straight lines. For 
the event cloak, the coordinate deforma-
tions must embrace time as well as space, 
and for this, the Imperial group turned 
to manipulating Maxwell’s equations in 
their so-called covariant form in which 
time and space appear symmetrically.

� e best event cloak solution turned 
out to be a design in which the material 
is engineered to appear as though it is 
moving. When this eff ective speed varies 
for diff erent points on the ray, as well as 
diff ering with time, the prescribed light-
speed modulation can be achieved. Al-
though such a design is beyond current 
metamaterial technology, we proposed a 
method to produce a simple event cloak 
using programmable nonlinearity in op-
tical fi bers. We estimated that a conceal-
ment of 3 ns using 100 m of customized 
optical fi ber was possible.

Inspired by Imperial’s theoretical 
paper, a recent arXiv report fi led by Alex 
Gaeta’s group at Cornell claims an ex-
perimental demonstration of a spacetime 
cloak.5  Instead of the original sugges-
tion of directly accelerating/decelerating 
light, they used so-called split-time lens-
ing, which combines tailored chirping 
with dispersive propagation through a 
fi ber. Using this technique, they cloaked 
an interval of 12 ps.

� e applications of event cloak-
ing are likely to focus on optical signal 
processing, which occurs on precisely 
the short timescales that are achievable 

by experimental cloaks. One possibility 
is the resolution of processing confl icts 
in which a primary channel, carrying 
for example a clock signal, converges at a 
node with a channel carrying occasional 
priority data. Applying the event cloak 
to the clock channel allows an “inter-
rupt-without-interrupt” functionality in 
which, for the external circuit timing, 
processing on the priority channel is car-
ried out instantaneously. � e event cloak 
concept has opened up a signifi cant 
new cloaking paradigm that is only just 
beginning to be explored. t
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(a) Conventional spatial cloak based on a planar transformation (x, y) —> (x9, y9). An observer 
located to the far right on the x axis does not see the object. (b) Spacetime cloak. An analo-
gous coordinate transformation is used, but now in (x, t) rather than (x, y). The cloak now con-
ceals events near the spacetime origin. The (schematic) intensity distribution for various times 
is shown on the right, indicating the formation and subsequent evaporation of the intensity null 
that is fully developed at t = 0. The observer to the right never suspects the occurrence of any 
non-radiating events near the spacetime origin and sees a uniform intensity for all time. Super-
luminal propagation (cf. points A and B in the inset) can be avoided in more careful designs.1

(a)

(b)

From McCall et al. J. Opt. 13, 024003 (2011).
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One-Atom-Thick Metamaterials and 
Transformation Optics with Graphene
Ashkan Vakil and Nader Engheta

The science of plasmonic optics 
deals with light-matter interaction 

at the nanoscale. � is area of science 
has attracted numerous scientists from 
diff erent fi elds such as material science, 
chemistry, biology, medicine and engi-
neering. Plasmonics is popular because 
it provides many schemes for subwave-
length confi nement and enhancement of 
optical fi elds that are useful for design-
ing novel photonic devices. In particu-
lar, it plays a pivotal role in designing 
metamaterial structures and transform-
ing optics devices. Noble metals have 
been popular candidates for making 
these structures and devices. However, 
the material loss that results from using 
these metals presents a major challenge 
to scientists. Due to the fundamental 
limitation in reducing loss in noble 
metals, it seems natural to search for 
new materials and platforms for surface-
plasmon polaritons (SPPs). 

We have shown through many 
numerical studies that graphene (a 
single layer of carbon atoms) can act as 
a platform for plasmonic metamaterials 
and transformation optics.1 Graphene’s 
complex conductivity (sg = sg,r + isg,i) 
depends on several parameters, including 
the radian frequency v and chemical 
potential µc, which depend on the car-
rier density and can be controlled using 
diff erent techniques.1 � e imaginary 
part of graphene conductivity can attain 
negative and positive values in diff erent 
ranges of frequencies depending on the 
chemical potential level.2 When sg,i > 0, 
graphene eff ectively behaves as a very thin 
metal layer that supports a transverse-
magnetic (TM) electromagnetic SPP 
surface wave.3-5 However, when sg,i < 0, 
such a TM SPP-guided surface wave is 
not present.3-5

We have numerically presented that 
the proper choice of non-uniform and 

inhomogeneous spatial patterns of 
conductivity across graphene provides 
exciting possibilities for controlling and 
manipulating infrared SPP wave signals 
across a graphene layer.1 � is degree of 
freedom allows for numerous possible 
transformation optics functions and 

One-atom-thick waveguide and lens. (a) Simulation results of Ey (snap shot in time) for an 
infrared-guided wave at f = 30 THz along the ribbon-like section of graphene with the chemi-
cal potential µc1 different from outside sections, which possess the chemical potential µc2.

1 
Collimating SPP beams using one-atom-thick Luneburg lens. (b) Simulation results showing 
the phase of Ey of the SPP at f = 30 THz along the graphene.1

(a) (b)

metamaterial concepts on this one-
atom-thick platform, merging graphene 
research with the fi elds of metamateri-
als and transformation optics. In our 
studies, we have theoretically presented 
a one-atom-thick variant of an optical 
waveguide and a Luneburg lens—an 
example of transformation optics.1 
� ese two examples are displayed in 
the illustration. t
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