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Three-Dimensional Invisibility Cloak
at Optical Wavelengths

Tolga Ergin, >t Nicolas Stenger,"?* Patrice Brenner,? John B. Pendry,®> Martin Wegener™%*

We have designed and realized a three-dimensional invisibility-cloaking structure operating at
optical wavelengths based on transformation optics. Our blueprint uses a woodpile photonic
crystal with a tailored polymer filling fraction to hide a bump in a gold reflector. We fabricated
structures and controls by direct laser writing and characterized them by simultaneous
high—numerical-aperture, far-field optical microscopy and spectroscopy. A cloaking operation with
a large bandwidth of unpolarized light from 1.4 to 2.7 micrometers in wavelength is demonstrated

for viewing angles up to 60°.

s today’s nanofabrication capabilities
Acontinue to improve, we are better able

to address the inverse problem of electro-
magnetism with respect to what nanostructure
will perform a requested functionality. In this
regard, transformation optics (/—/4) is a unique
and intuitive scientific tool that allows for the
mathematical mapping of desired distortions of
space onto an actual distribution of optical
material properties in normal Cartesian space.
Tailored inhomogeneous metamaterials enable
us to approximate these target distributions.
Invisibility-cloaking structures (/—/6) can serve
as benchmark examples for the much broader
ideas of transformation optics.
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Fig. 1. (A) Blueprint of our 3D carpet-cloak structure. The 3D cone of
light corresponding to the NA = 0.5 microscope lens is shown in red. (B)
The local polymer volume filling fraction f of a woodpile photonic crystal
composed of rods controls the effective local refractive index n. The black,
red, and blue curves correspond to rod aspect ratios (= height/width) of 1, 2,
and 3, respectively. The polymer needs to be connected, as do the air voids.
These conditions impose lower and upper bounds on f, shown here for a rod
aspect ratio of 2. The range of accessible values of n is restricted to be within
1.00 (air) and 1.52 (bulk polymer). The filling fraction is actually controlled by
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So far, invisibility-cloaking experiments at mi-
crowave (5, 10) and optical frequencies (//-14)
have been performed exclusively in two-dimensional
(2D) waveguide geometries. In other words, these
structures are immediately visible from the third
dimension. Cloaking works only in the plane; the
viewing angle is effectively zero in one direc-
tion. Nevertheless, these structures have supported
the validity of the concepts of both transformation
optics and metamaterials.

We designed, fabricated, and characterized
3D invisibility-cloaking structures using tai-
lored, dielectric face-centered—cubic (fcc) wood-
pile photonic crystals. We studied the behavior
of these structures from wavelengths near the
woodpile rod spacing (where the onset of dif-
fraction of light leads to the Wood or Rayleigh
anomaly in transmittance and reflectance) up to
wavelengths much larger than this spacing (the
effective-medium limit).

In the carpet-cloak geometry (8, 10-13), a
bump in a metallic mirror is hidden by adding a
tailored refractive-index distribution on top. This

REPORTS

distribution can be calculated using the rules
of transformation optics (8, 10). Though orig-
inally designed for two dimensions, it has
been shown (by numerical rendering of photo-
realistic images via ray tracing) that the carpet-
cloak concept should also work in a truly 3D
setting and also for very large viewing angles
(17). In our 3D blueprint (Fig. 1A), the bump
is translationally invariant along the z direction
and follows y(x) = hcos*(mx/w) for [x| < w/2 and
zero otherwise. Here, # = 1 um is the height of
the bump, and w = 13 pm is its full width. For
the quasi-conformal mapping of the cloak, we
choose a width of 26 um in the x direction and
10 um in the y direction. This cloak is sur-
rounded by a homogeneous woodpile struc-
ture, which is characterized in fig. S5 (/§).
Inside the cloak, the local effective refractive
index is controlled via the volume filling frac-
tion ( f) of the polymer serving as constituent
material for a usual woodpile photonic crystal
(19, 20). The diamond-symmetry woodpile ge-
ometry is chosen because it is expected to lead
to nearly isotropic optical properties. The effective
refractive index becomes n = 1.52 for /=1 (bulk
polymer) and » = 1.00 for f'= 0 (air void). For
intermediate values of f; we used the Massachu-
setts Institute of Technology Photonics-Bands
package (217) to evaluate the effective local re-
fractive index (Fig. 1B) on the basis of usual
photonic-band—structure calculations. We found
that the calculated 3D isofrequency contours
are very nearly spherical in the long-wavelength
limit (see inset in Fig. 1B).

Figure 2 shows the target refractive-index
distributions obtained from the quasi-conformal
mapping (8) and corresponding electron mi-
crographs of some of our structures made by
standard direct laser writing lithography (20, 22).
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the number of voxels (V € {0,3,4,5,6}) that each rod is composed of. The case
of N = 3 is illustrated by the inset in the lower right corner. For this case and
for a vacuum wavelength of 2.4 um and a rod spacing of 0.8 um, the upper
left inset depicts the nearly spherical isofrequency surface in wave-vector
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Fig. 3. Optical characterization of the 3D structures (see Fig. 2) with unpolarized light in bright-field
mode. The image intensity is shown on a false-color scale. The horizontal axis is a cut through the
middle of the structure along the x direction (compare to Fig. 1A); the vertical axis is wavelength. (A) A
bump without a cloak. The bump is immediately visible. (B) Result for a bump with a cloak that
approaches the expectation for an ideal cloak (constant intensity).

Fabrication details and sample dimensions
are reported in the supporting online material
(SOM) (18). To reveal their interiors, the struc-
tures are cut by means of focused ion beam
(FIB) milling. This destructive measure is of
utmost importance, as inspection of sample edges
can be highly misleading due to the proximity
effect.

For what wavelengths do we expect reason-
able cloaking? On one hand, it is sometimes
argued that the wavelength of light needs to be
at least one order of magnitude larger than the
period or lattice constant to truly reach the
effective-medium limit. This very conservative
estimate would lead to operation wavelengths
larger than 8 um for @ = 800 nm or a wavelength
of 11 um for the fcc lattice constant of 1.131 um.
On the other hand, the most aggressive and op-

timistic approach is to argue that the effective-
medium method can work up to the Wood
anomaly. Once diffraction occurs, the periodic
structure can no longer be considered a homoge-
neous effective material. For normal incidence,
diffraction of light becomes possible if the ma-
terial wavelength is equal to or smaller than the
lattice constant. For ¢ = 0.8 um and a glass-
substrate refractive index of n = 1.5, the Wood
anomaly is expected to occur at a vacuum wave-
length of 1.2 pum. These conservative and aggres-
sive considerations obviously differ by about
one order of magnitude in wavelength.

To evaluate the performance of our fabri-
cated samples, we start by discussing the results
obtained by bright-field optical microscopy and
spectroscopy. The numerical aperture (NA) of
the used microscope lens of NA = 0.5 is equiv-

Fig. 2. Target refractive index (n) dis-
tributions (top) and oblique-view electron
micrographs of fabricated structures after
1.5  FIB milling (bottom). (A) A bump without
a cloak. (B) A bump with a cloak. Note
1.4  that the oblique view in the electron
1.3 micrographs compresses the y direction.

1.2
1.1
1.0

alent to a full opening angle of the cone of light
of 60° (Fig. 1A). Therefore, light is propagating
not only in the xy plane (which would merely
be 2D), but also in oblique directions (3D). De-
tails of the home-built setup are described in the
SOM (18). Corresponding spatially and spec-
trally resolved normal-incidence data (normalized)
show that the bump is immediately visible by
two pronounced spatial minima (Fig. 3A) result-
ing from light that is reflected by the two
slopes of the bump toward the sides and is not
collected by the lens. The light reflected from
the top of the bump (where the tangent is
horizontal) leads to the narrow bright stripe in
the middle. The spectral oscillations are Fabry-
Perot fringes. Their free spectral range agrees
well with the expectation based on the total
10-um thickness of the woodpile structure. In
presence of the cloak and bump (Fig. 3B), the
visibility of the bump is strongly suppressed,
whereas cloaking is not quite perfect. This re-
covery works well in the depicted wavelength
range of 1.5 to 2.6 um in Fig. 3 (data over a
larger spectral interval are shown in fig. S1). For
wavelengths shorter than ~1.2 pum, the image
becomes dimmer. Furthermore and most im-
portant, in this regime, no recovery due to the
presence of the cloak is observed. We interpret
this short-wavelength dark region as being due
to the Wood anomaly. Indeed, an ideal polymer
woodpile can diffract as much as 50% of the
incident light for wavelengths smaller than the
Wood anomaly (see fig. S5). These levels explain
the findings of our present work. For wave-
lengths shorter than that of the Wood anomaly,
the light field can no longer effectively average
over the nanostructure. Hence, the structure is
not expected to act like a locally homogeneous
dielectric, and no cloaking action is expected—
consistent with our above observations. For the
present conditions, the effective-medium ap-
proximation turns out to be much more forgiving
than one might be tempted to believe at first
sight.

Control samples with only (i) the high-index
region or (ii) the two low-index regions are shown
in figs. S2 and S3, respectively. For case (ii), the
bump appears wider than in Fig. 3A. For case (i),
cloaking is worse than for the complete cloak in
Fig. 3B. These two observations show that one
really needs the complete refractive-index profile
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Fig. 4. Optical characterization of the 3D structures with unpolarized light as in Fig. 3, but in dark-field
mode. (A) The bump is immediately visible by enhanced scattering. (B) Scattering is largely reduced

with the cloak.

derived from the quasi-conformal mapping in
transformation optics to obtain good invisibility-
cloaking performance.

Finally, Fig. 4 depicts data taken in dark-
field mode from 1.5- to 2.6-um wavelengths
(data over a larger spectral interval are shown
in fig. S4). Here, the same sample as in Fig. 3
is tilted such that the optical axis lies within
the xy plane and includes an angle of 35° with
the y axis. As usual for the dark-field mode,
the collected light results from scattering by the
sample. These data are normalized with respect
to a normal-incidence reflection spectrum taken on
the gold film. The bump without cloak in Fig. 4A
is immediately visible. We assign this finding to
enhanced scattering from the illuminated side of

the bump. The visibility is again drastically re-
duced for the case of bump with cloak in Fig. 4B.
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Dilithioplumbole: A Lead-Bearing
Aromatic Cyclopentadienyl Analog

Masaichi Saito,™* Masafumi Sakaguchi,” Tomoyuki Tajima,* Kazuya Ishimura,?

Shigeru Nagase,” Masahiko Hada®

Although the concept of aromaticity has long played an important role in carbon chemistry, it has
been unclear how applicable the stabilizing framework is to the heaviest elements. Here we
report the synthesis of dilithiotetraphenylplumbole by reduction of hexaphenylplumbole. X-ray
crystallography revealed a planar structure with no alternation of carbon—carbon bond lengths in
the five-membered ring core. Nuclear magnetic resonance spectra and relativistic theoretical
calculations show considerable aromatic character in the molecule, thus extending aromaticity

to carbon’s heaviest congener.

romaticity has been a fundamental chem-
ical concept since the discovery of ben-
zene in 1825, and aromatic compounds
have long played important roles in all fields of
chemistry. The skeletons of most aromatic com-
pounds consist of C atoms, and occasionally N,
O, and the third-row elements S and more rarely
P. To determine whether the heavier group-14
elements could sustain aromaticity, Si and Ge

www.sciencemag.org SCIENCE VOL 328

analogs of carbocyclic aromatic compounds such
as benzene, naphthalene (/, 2), cyclopentadienyl
anion (3—7), cyclobutadiene dianion (8), and
cyclopropenyl cation (9—12) have recently been
synthesized, in which one ring C is replaced by
the congener. Most of these have considerable
aromatic character, even though some of them
have been judged nonaromatic because of their
nonplanar structures. Most recently, dilithiostan-

nole (/3) and 2-stannanaphthalene (/4) have
been synthesized and concluded to be aromatic
compounds. Therefore, the concept of aromatic-
ity has been expanded to Sn-containing carbo-
cyclic systems. However, there has been no
experimental evidence of whether the concept
of aromaticity can be expanded to Pb-containing
C rings, even though theoretical calculations
predicted that dilithioplumbole would have con-
siderable aromatic character (15, 16). We report
here the synthesis of dilithiotetraphenylplumbole,
thus expanding the concept of aromaticity to C
cycles incorporating the heaviest group-14 ele-
ment (/7).

The synthesis of dilithiotetraphenylplumbole
1 was accomplished by the reduction of hexa-
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