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Partial focusing of radiation by a slab of indefinite media
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Negative refraction can occur at the interface between vacuum and an indefinite medium—an
anisotropic medium for which not all elements of the permittivity and permeability tensors have the
same sign. We show experimentally and via simulations that a metamaterial composed of split ring
resonators, designed to provide a permeability equalt@long the longitudinal axis, will redirect
s-polarized electromagnetic waves from a nearby source to a partial focus. The dispersion
characteristics of indefinite media prohibit the possibility of true aplanatic points for a planar slab;
however, by contouring the surfaces aplanatic points may be realized, as well as other geometrical
optical behavior. ©2004 American Institute of Physic§DOI: 10.1063/1.1690471

An isotropic material whose permittivity and perme- isotropic material with negative refractive index, negative
ability w are both simultaneously negative can be characterefraction can also be realized in anisotropic media for which
ized by a negative index-of-refractidn’® Electromagnetic not all elements of the diagonal permittivity and permeability
waves incident on a planar interface between two materialgensors have the same sitff? We term such mediandefi-
one of which has positive refractive index and the other anite for brevity. Wave propagation in indefinite media has
negative refractive index, will undergeegative refraction  been previously explored in magnetized plasiiasd more
that is, the refracted wave will emerge on the same side ofecently exploited to design a photonic crystal slab that par-
the surface normal as the incident wave. While a negativeially refocuses the rays from a nearby electromagnetic
index-of-refraction has profound consequences for a broagourcet* While a planar slab of indefinite media cannot yield
range of electromagnetic phenomena, much of which wapairs of aplanatic points, the partial refocusing available in-
explored in an early paper by Veselagthe impact of nega- dicates that lenses composed of indefinite media, which are
tive refraction on geometrical optics is perhaps the most imeasier and less costly to fabricate, may be worthwhile pursu-
mediately accessible phenomenon in terms of practicality. liing.

2001, an experiment demonstrating negative refraction was In the present work, we focus attention on a particular
performed on a wedge-shaped sample composed of an artipe of indefinite medium, for which the permeability com-
ficial medium—or metamaterial, consisting of conductingponent ,) along the propagation direction, araxis, is
wires and split ring resonatofsThe conclusion, that a negative, while all other permeability and permittivity tensor
metamaterial could be designed to have a negative index @omponents are positive. To avoid a mathematical descrip-
refraction, has since been confirmed in two recentijon of the refraction properties of indefinite media, we in-
publications>® stead make use of the graphical representation of the disper-

A particularly interesting consequence of negative re-sion relationships shown in Fig. 1. For anisotropic materials,
fraction, pointed out by Veseladds that a planar slab with theseisofrequency surfacegrovide a convenient means of
e=—1 andu=—1 possesses pairs of aplanatic polnfhat  understanding the refraction properties between complex
is, the rays from an electromagnetic source located on onmedial® In our case, the indefinite medium under consider-
side of the slab will be brought to a focus on the other side of
the slab. An experimental confirmation of this focusing effect
has recently been achieved within the context of a planar
transmission line modé&l.This refocusing theoretically ex-
tends to the near-fields associated with a sotirakhough
we do not discuss near-field refocusing or “perfect lens”
effects here. The refocusing property of a negative index slab
implies that very large refractive power is possible for only
moderate magnitude of index. The focal length for a con-
verging negative index lens with=-—1, for example, is
identical to that for a positive index lens with=+3, since
f=R/|n—1|, where R is the radius of curvature of the
lens!® Because of their large refractive power and nearly ] o )
matched surface impedance, negaive index materials may I, 1, Sofeaueney cuies o ee spesmce ad pasfoie nede

ideal candidates for lens applications. the lighter gray arrow, which is parallel to the incident group velocity

While negative refraction is most easily visualized in an(dashed gray arrowThe refracted wave vector and group velocities in the
medium are indicated by the solid and dashed black arrows, respectively.
Note that the group refraction is negative while the phase refraction is
¥Electronic mail: drs@physics.ucsd.edu positive.
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FIG. 2. Aray-tracing diagram showing the manner in which the trajectories
of rays emanating from a point source are refocuseddya slab with
isotropic negative indexn=—1), and(b) the indefinite medium slab.

ation is characterized by a hyperbolic isofrequency surface
rather than the common elliptical surface that characterizes
positive or negative definite anisotropic medfid® FIG. 3. (Colon A spatial map of the magnitude of the electric fie{teft
For an isotropic negative index material, the grqop  pane) The simulated slab, indicated by the solid lines, bad and a diag-
energy and phase velocities are antiparallel. The directiongna! permeability tensor for which the longitudinal componept —1 and
. . . . . = my==1. The slab is 16 cm long, with a line source placed 2 cm from
of group and pha;e velocities in an ar."SOtrOpK_: m?dlumthe. Tr);e slab thickness was 4 ciiRight panel Experimentally obtained
however, are not fixed, but rather vary with the direction ofspatial map of the electric field in the 4 cm region to the right of the slab.
propagation in the material with respect to the principal axes.
The condition that the wave vector parallel to the interface . ) )
be conserved implies two possible solutions in the medium!VNich shows a spatial map of the magnitude of the computed
which can be distinguished by requiring the group veIocityeleCt”C fleld. The source is on _the left-hand S|de_ of the fig-
point away from the interface. Figure 1 indicates the correct’®: Unlike the matched isotropic=—1 slab, there is a sub-
choice of solution. As can be seen from the figure, for thestantial mismatch between the indefinite medium slab and
medium used here the phase velocity will undergo positivefree space, so that the reflgcted field i§ considerable. Nev_er-
refraction, but the group velocity will undergo negative re- theless, the map shows an intense partial focus on the far side
fraction. Clearly, for shallow angles of incidence, the indefi-of the slab relative to the line source. Similar results have
nite planar slab will provide some degree of refocusing in thedlso been found recently in a numerical study of focusing by
same manner as an isotropic negative index material. Th@definite media slab¥.
ray-tracing diagram of Fig. 2 compares the trajectories of ~ TO experimentally confirm the focusing effect, we uti-
rays from a point source passing through an isotr¢pic. ~ lized a metamaterial composed of split ring resonators
:_1) and an indefinite medium slab. (SRRQ The SRRs are identical in all respects to those uti-
To confirm the ray-tracing picture of F|g 2, a full-wave lized in Ref. 4, including substrate material, physical dimen-
simulation of the refocusing was carried out usimgs(An-  sions, and overall size. The unit cell of the SRR lattice is
soft), a finite-element based frequency-domain electromag3-33 mm in the vertical direction and 5.0 mm in the trans-
netic solver. Materials with negative isotropic permittivity Verse(propagatiop directions.
and/or permeability can be simulated usimgs!®®as well The experiments were performed over a frequency range
as anisotropic materials with either positive or negative valfrom 9 to 14 GHz, in a two-dimensional scattering chamber
ues for the permittivity and permeability tensor elementsconsisting of two aluminum plate8 ftx3 ftx1/4 in) sepa-
The geometry simulated was chosen to match the experimenated by a distance of 1 cm. Toothed absorber was arranged
tal geometry. A current line source, positioned 2 cm awayin a circular pattern around the sample area to minimize re-
from one face of a planar slab of indefinite material, wasflection from the plate edges back into the scattering region.
used to launch a cylindrica-polarized wave(electric field  Strips of SRRs three unit cells hidth cm) and 32 unit cells
perpendicular to the plane of propagatiohe indefinite long (16 cm) were cut and assembled into an anisotropic
medium slab was 4 cm in width, 16 cm in length, and wassample using spacer layers cut from the same blank circuit
modeled with an indefinite permeability tensor for which board material. The resulting metamaterial slab was 4 cm in
n,=—1 (thez axis is in the propagation directipriThe per-  length(the propagation directiorand 16 cm in widtHtrans-
mittivity was isotropic and equal to unity, and all other prin- verse to propagation with the axes of the rings oriented
cipal elements of the permeability tensor were also unityalong the propagation direction.
Perfect electric conductors spaced 1 cm apart terminated the The SRR lattice used to construct the indefinite medium
computational domain parallel to the plane of propagationslab has been previously studied and shown to have a fre-
essentially forming a two-dimensional waveguide. Radiatiorquency region where the effective permeability is negafive.
boundary conditions terminated all other surfaces. A band structure calculatiofnot shown predicts a band gap

The simulation results are presented in Fig.(I&ft), of ~0.7 GHz, starting from just under 11 GHz. The gap
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map shown was taken at a frequency of 11.3 GHz, very near

0.4

‘ where the effectiveu, is expected to be nearl. A scan
0.8 through the spatial maps at all other frequencies did not re-
0.3 veal any other frequency where a similar local field enhance-

o o025 ment occurred. The range where the pseudofocus was detect-
2 : able covered a frequency span of less than two tenths of a
§ o2 GHz. As can be seen from the figure, the enhancement was
R well-resolved and consistent with the simulation results.

g Our results confirm another of the predicted behavior for
01t negative refractive medfafocusing by a planar structure.
0.05 { Because the material used is formed from indefinite rather

o : R e . ] than isotropic media, the focusing is imperfect and aplanatic
80 -60 -40 =20 0 20 40 80 80 points are not achieved. However, substantial field enhance-
Position (mm) ment can readily be observed, as is consistent with both ray

tracing arguments as well as full wave numerical simula-
%ions. Because the partial focusing implies nontrivial refrac-
tive power, these results indicate the potential for indefinite
o . ) . materials as lens structures. Aplanatic points, for example,
occurs where the permeability is negative, wittiending to should be achievable with the present indefinite medium by
zero at the upper band edge and tending to infinity at th@ontouring the front and back surfaces of the slab. While
lower band edge where the SRR is resonant. Transmissiaf)mylations based on continuous material suggest this to be
experiments on the SRR structure, with the axes of the ringghe case, the implementation in an actual metamaterial is

perpendicular to the direction of propagatit still in the  complicated by the finite unit cell size of the structure.
plane of propagation confirm the metamaterial is opaque
over roughly the range of frequencies corresponding to the The authors thank Professor J. D. Joannopoulos for help-
gap in the band structure. The simulations and transmissioful discussions. This work was supported by a Multidisci-
experiments on the SRR lattice indicate the component of thglinary University Research InitiatiieMURI), sponsored by
permeability perpendicular to the SRR axes should be nedPNR (Contract No. NO0014-01-1-0803
the value of—1 near 11.3 GHz.
To perform an experimental mapping of the electric field
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The result of the spatial mapping is shown in Fig. 31sr A shelby, D. R. Smith, S. C. Nemat-Nasser, and S. Schultz,
(right), with a cut across the fields shown in Fig. 4. The field Appl. Phys. Lett.78, 4 (200).

FIG. 4. A cross section of the field magnitude taken perpendicular to th
direction of propagatioriparallel to the slab
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