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Metamaterials have paved the way to unprecedented control of the electromagnetic field. The conjunction
with space coordinate transformation has led to a “relativity inspired” approach for the control of light propa-
gation. “Invisibility cloak™ is the most fascinating proposed device. However, the realized structures up to now
used a graded “metamagnetic” so as to achieve the cloaking function. Artificial magnetism is still very chal-
lenging to obtain in optics despite the currently promising building blocks, not suited for optical cloaking. We
report here the experimental demonstration of a nonmagnetic cloak at microwave frequencies by direct map-
ping of the magnetic field together with the experimental characterization of a cloak in free space configura-
tion. The diameter of the concealed region is as big as 4.4 in wavelength units, the biggest reported experi-
mentally so far. The principle can be scaled down to optical domain while keeping the compatibility with

current nanofabrication technologies.
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The interest in the emerging field of metamaterials has
considerably increased during the last few years owing to
their unique ability to handle both the electric and/or mag-
netic component of light. Most of the natural occurring ma-
terials interact with the only electric component of electro-
magnetic field due to the fundamental lack of magnetism in
nature at high frequencies. Artificial magnetism has recently
been rendered possible by means of metamaterials after the
pioneering work by Pendry et al.! Artificial magnetism based
on split ring resonators (SRRs) has thus beaten the missing
magnetism in nature and has been used as constituent of the
counter intuitive negative index metamaterials.> Based on a
“general relativity” approach of electrical engineering,3*
transformation optics has opened a new route in the design
of complex optical devices including electromagnetic worm-
holes, beam shifters and super antennas.>~® It just has to be
told what path light must follow, and the required metama-
terials parameters can be calculated (even if the result is
generally very complex and unpractical).

Among the striking proposed devices is the fascinating
and ancestral humans’ dream of invisibility cloak. Alterna-
tive route for cloaking including plasmonic cancellation (for
sub wavelength target) have also been proposed® but become
far more difficult and questionable for large object for which
higher order multipoles come into play in the scattered field.
Transformation optics assigns the space squeezing to mate-
rials following the materials interpretation instead of topo-
logical interpretation'® and led to a metamaterial cloaking
device at microwave frequencies.'! It is also the only cloak-
ing method (not camouflage) that is effective for large con-
cealed region. The device was based on a graded metamag-
netic. There is a strong motivation to translate the
demonstration to optics regarding both fundamental aspects
and potential applications. A direct scaling of this reported
cloak to optics is however not possible thanks to, not only
the saturation of SRRs'? but also the very challenging result-
ing structure in term of nanofabrication. Alternative building
blocks for optical artificial magnetism have been
proposed!3~'7 but none of them is suited for a cloak design.
Others cloak designs for nonmagnetic cloaking have been
proposed'® but have not been verified experimentally up to
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now due to the challenge in designing the corresponding
building blocks. Instead of the complete cloak, focus has
turned to broadband “under carpet cloaks,”! simply working
in reflection and experimentally verified both in
microwaves?® and infrared.?!>> Under carpet cloaks however
considerably limit cloaking potential. The original cloak, ca-
pable of restoring wave both in transmission/reflection and
rendering an entire region of space invisible has not been
realized in optics so far despite recent report on approximate
optical invisibility device.?? Our design and the possibility of
replacing SRRs by simple metallic cutwires?* make true op-
tical cloak feasible. The previously reported cloak has been
measured with a polarization parallel to the cylinder axis by
mapping the electric field in a guided wave setup. We report
here an experimental nonmagnetic cloak, not only measured
in free space but also with the biggest concealed region re-
ported so far. Free space measurement is important not only
because it gives a direct insight on the finite size extent of
the cloak but also because an object cannot necessarily be
into a waveguide. The structure presented here is based on
our recent proposal of a nonmagnetic cloak?* that can be
designed from microwaves to optics. It is based on the elec-
tric response of SRRs instead of their magnetic response
mainly used so far and thus presents SRRs as “universal
atom” in the design of metamaterials. The design starts with
the squeezing of space from within a cylinder of radius b to
within a shell of identical external radius » and internal ra-
dius a. From the invariance of Maxwell equations, the space
compression can be assigned to material parameters, i.e., di-
electric permittivity (&) and magnetic permeability (u) lead-
ing to a rather complicated set of anisotropic and inhomoge-
neous materials. The full set of parameters is given by
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However, for a given polarization, only some tensors com-
ponents are relevant. Considering a nonmagnetic cloak, the
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FIG. 1. (Color online). (a) Unit cell. (b) The dimensions of a
typical square SRR are: L=3.6 mm, w=0.3 mm and copper thick-
ness t=35 um. The SRRs gap g and lg;, are the only varying pa-
rameters. 14 linearly decreases from the outer to the inner boundary
of the cloak (Ref. 28). (c) Picture of a radial stripes and correspond-
ing relevant effective parameters.

set of parameters to fulfill reported in Refs. 18 and 24 is the
following:

SR e B e L B
S U A VR r @)

This reduced set of parameters holds for a polarization per-
pendicular to the cylinder axis and satisfies the dispersion
relation, but not the equality of the wave impedance between
the vacuum and the cloak. A nonzero reflection is then pre-
dictable. The level of power reflection R, can be estimated

by]8
2
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The fabricated anisotropic metamaterials is produced from
copper SRRs embedded in a dielectric host, a commercial
resin with a permittivity of 2.75. In our implementation, the
radial permittivity profile is designed using the electric re-
sponse of SRRs>* by locally changing the dimension of reso-
nators, actually only the SRRs gap size. The typical unit cell
and the effective parameters® of discrete SRRs at the design
frequency (11 GHz) are presented in Fig. 1.

Each resonator is assumed to have the effective param-
eters of an infinite array of identical elements. While SRRs
(embedded in the host medium) are used to achieve the ra-
dial variation of the permittivity function, the azimuthal per-
mittivity is mainly implemented by the permittivity of the
host medium itself since SRRs have no electric response in
this direction.

The realized cloak is comprised of 15700 elementary
SRRs. The cylindrical shell is divided in 20 annular regions
of equal thickness (/,=4.5 mm) with a linear radial variation
of the permittivity from O to 1 (from the inner to the outer
boundary of the cloak) and 157 stripes separated by an angle
of about 2.3° [Fig. 2(a)]. The inner and outer radius of the
cloak are a=6 cm, b=15 cm and the cloak height is 2.25
cm corresponding to 5 X1, i.e., 5 SRR layers. For this set of
parameters the reflection coefficient R, is very weak, equal
to 0.0625. The SRRs within a given annular region are iden-
tical and designed to have the proper local radial permittivity.
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FIG. 2. (Color online). (a) Assembling of the cloaking device
from metamaterials based SRRs stripes in the silicone mold. (b)
Realized metamaterial cloaking device (c) Two dimensional view of
the experimental setup. (d) Picture of a portion of the experimental
setup with the loop antenna mapping the magnetic field at the bot-
tom surface of the cloak.

The host medium, a commercially available resin is an
important design component (closely linked to g). Its per-
mittivity has been measured and found to be equal to &,
=2.75. The SRRs have been printed on a dielectric substrate
[as seen in the picture of Fig. 1(c)] with a permittivity close
to the resin’s one. We chose RO3003 with &gyt
=3+0.04 and a dielectric loss tangent at 11 GHz of about
0.0013. The SRRs have been chemically etched on this sub-
strate. The design process as well as the dimensions of the
cloak elements can be found in Ref. 28. The 157 stripes were
arranged in a molded watertight polymeric matrix designed
accordingly [Fig. 2(a)]. Then the liquid resin was run in the
silicon mold. After solidification, the cloak was removed
from the mold and can be easily manipulated [Fig. 2(b)].

In contrast with previously reported structures, the mea-
surements are performed in free space and not in a wave-
guide [Fig. 2(c)]. A loop antenna, consisting of a circular coil
made of the inner conductor of a SMA cable has been de-
signed to map the magnetic field (H,). The magnetic field is
output from the X-band horn antenna. Both antennas are
connected to an Agilent 8722ES Vectorial Network Analyzer.
The loop antenna position can be controlled via an auto-
mated Labview program over a surface of 40 ¢cm*40 cm and
getting for each spatial position of the loop antenna the com-
plex (magnitude and phase) scattering parameters. It is im-
portant to notice that the cloak’s height is only 2.25 cm. An
absorbing window of comparable height has thus been
placed at the horn antenna output to limit the leaking of
waves above and below the cloak so that most of the energy
travels into the cloak. The experimental setup can be seen on
Fig. 2(c). Since the structure is filled by the resin, it is diffi-
cult to access the internal field. Instead, the bottom surface of
the cloak [see Fig. 2(c)] has been scanned taking profit of the
continuity of field at this boundary in quasicontact mode.

To evaluate the performance of the cloak, three measure-
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FIG. 3. (Color online). Real
2 part of the measured magnetic
field output from the horn antenna
in free space (a) with the metallic
cylinder alone (b) and with the
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cloak surrounding the metallic
cylinder (d). Finite element simu-
lation exciting the cloak by the ap-
propriate optical excitation (Com-
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ments are done with a scanning step size of 2 mm. The first
measurement maps the magnetic field of the free space ra-
diation from the horn antenna [Fig. 3(a)]. The second and
third measurements use a metallic cylinder alone (diameter
12 cm) [Fig. 3(b)] and surrounded with the cloak (outer di-
ameter 30 cm) [Fig. 3(d)]. The results are presented in Figs.
3 (real part of the complex transmission). The quasicylindri-
cal wave output from the horn antenna is nicely resolved in
our measurement [Fig. 3(a)]. In presence of the metallic cyl-
inder, the scattering and shadowing effects can be clearly
observed in Fig. 3(b) as well as interferences between the
incident and reflected beams. Figure 3(d) shows that in the
presence of the cloak, the shadowing effect of the metallic
cylinder is suppressed and the wave fronts are maintained
thus demonstrating the cloaking effect. For comparison,
simulation result using commercial finite element code
(Comsol Multiphysics) for a cloak with the reduced param-
eters of Egs. (2) is reported in Fig. 3(c). The good agreement
with measurement can be noticed. The fact that a nonzero
field is detected in the central region of Figs. 3(b) and 3(d)
results from radiation leakage below the metallic cylinder in
our measurements. More importantly, the bending and redi-
rection of quasicylindrical wave fronts inside the cloak can
nicely be observed as a change in the radius of the horn
antenna waves fronts in Fig. 3(d).

The nonmagnetic cloak demonstrated here works for a
magnetic field parallel to the cylinder axis. Associating an
electric resonator (our structure or electrical resonators in
Ref. 20) with the one reported by Schurig et al.'' could lead
to a polarization independent cloak. It should however be

150 200 250
Position X (mm)

11 sol Multiphysics) with the reduced
set of parameters presented in Eq.
(2) is reported for comparison (c).

2 In all cases, the 11 GHz wave
travels from bottom to top.

300 350 400

recognize that the corresponding structure, feasible from mi-
crowave to terahertz will be very difficult to realize in the
near infrared or optical domain despite recent progress in
three dimensional metamaterials fabrication.'® However, the
SRR can be adiabatically transformed into a single cutwire.?
Such cutwires structure has shown to be comparable to SRRs
with regard to their electrical response.?’” The nonmagnetic
cloak reported here can thus be scaled down to infrared and
visible by simply replacing the SRRs by cutwires.>* The cor-
responding design would be compatible with current nano-
fabrication thin film deposition and processing.

We have reported an experimental demonstration of a
nonmagnetic cloak at microwave frequencies. The measure-
ments have been performed in free space with the biggest
concealed region reported so far (4.4 in wavelength units).
The electric response of split ring resonators has been used to
achieve the cloaking function for a polarization perpendicu-
lar to the cylinder axis. Therefore, SRRs can be presented as
“universal atom” in the design of metamaterials with their
magnetic and electric responses that can be used separately
or in conjunction. It has also been shown that our cloak can
be scaled down to optics while keeping its compatibility with
nanofabrication techniques by replacing the SRRs with
simple metallic cutwires.

The authors thank J.-M. Lourtioz and P. Crozat for fruitful
discussion, T. Lepetit for help in measuring the resin, and
technical support from W. D. de Marcillac, F. Delgehier, and
A. Charrier (all from IEF, Univ. Paris-Sud 11/CNRS).
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