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finite nonpercolating clusters may also be related
to shear transformation zones, which are collective
rearrangements of atoms during the deformation
of metallic glasses (36). This concept is supported
by the observation that typical zone sizes (~10
to 20 atoms) (37-39) are close to cluster sizes
(~8 atoms). The continuum percolation model
illustrates how structure and rigidity may orga-
nize in the absence of ordering; atoms percolate
in the liquid, and the percolating cluster “freezes”
(or jams) into a glass.
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An ultrathin invisibility skin cloak

for visible light

Xingjie Ni,'* Zi Jing Wong,'* Michael Mrejen," Yuan Wang,"> Xiang Zhang">3+

Metamaterial-based optical cloaks have thus far used volumetric distribution of the
material properties to gradually bend light and thereby obscure the cloaked region. Hence,
they are bulky and hard to scale up and, more critically, typical carpet cloaks introduce
unnecessary phase shifts in the reflected light, making the cloaks detectable. Here, we
demonstrate experimentally an ultrathin invisibility skin cloak wrapped over an object. This
skin cloak conceals a three-dimensional arbitrarily shaped object by complete restoration
of the phase of the reflected light at 730-nanometer wavelength. The skin cloak comprises

a metasurface with distributed phase shifts rerouting light and rendering the object
invisible. In contrast to bulky cloaks with volumetric index variation, our device is only

80 nanometer (about one-ninth of the wavelength) thick and potentially scalable for hiding

macroscopic objects.

cloak is a device that can render objects

invisible to incoming waves. Transformation

optics and metamaterials provide powerful

tools to build cloaking devices. Different

schemes relying either on coordinate trans-
formation (7-3) or scattering cancellation (4-6)
have been studied. Although the concept was first
proposed for electromagnetic waves, soon it was
extended to acoustic waves (7), heat flows (8-10),
elastic or seismic waves (17-13), and even the mat-
ter waves (14, 15). A quasi-conformal mapping
technique (76) was used to design a so-called carpet
cloak that conceals an object by restoring the
wavefront as if it were reflected from a flat surface.
This technique relaxes the requirements of hard-to-
achieve material properties and anisotropy as in the
case of the original cloak, thereby making it easier
to design and fabricate. Such invisibility carpet
cloaks were demonstrated experimentally from
microwave (17) to optical frequencies (18-23). Never-
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theless, there are still substantial limitations in
current optical cloak designs that apply the quasi-
conformal mapping technique. Realization requires
refractive index modulation over a large volume to
avoid extremely high or low index, leading to a bulky
cloak. In addition, sophisticated three-dimensional
(3D) fabrication with very high spatial resolution is
necessary. Therefore, it is challenging to scale up
this design to macroscopic sizes. In addition, the
varying index has to be less than that of the
environment in certain regions (Fig. 1C), making it
difficult to create a cloak that works in air. As a
result, the cloak is usually embedded in a dielectric
prism of higher index which, however, introduces
an additional phase in the reflected light and makes
the optical cloak itself visible by phase-sensitive
detection.

Recent development of metasurfaces pointed
out a way to manipulate the phase of a propagating
wave directly. The metasurface is an optically thin
layer consisting of subwavelength-sized elements
that locally tailor the electromagnetic response at
the nanoscale accompanied by dramatic light con-
finement (24-30). Metasurfaces have enabled a
variety of unique phenomena and applications that
cannot be achieved conventionally (31, 32)—for
example, negative-angle refraction in a broad
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Fig. 1. Schematic view and working principle of
a metasurface skin cloak. (A) A 3D illustration
of a metasurface skin cloak. The skin cloak is an
ultrathin layer of nanoantennas (gold blocks)
covering the arbitrarily shaped object. (B) Schematic
view of a cross section of the metasurface skin
cloak. (C) Schematic illustration of a conventional
carpet cloak with spatially varying refractive index
(n), designed with an optical quasi—conformal map-
ping technique. The blue shading qualitatively in-
dicates the local refractive index (the darker color
indicates higher index) and the grid lines indicate
the deformed optical space. For both devices, the
light is incident from the left and exits to the right as
represented by the arrows. The devices recover the
wavefront (indicated as triple short lines) of the
exiting light, such that the object is hidden and
looks like a flat mirror, judging from the scattering
pattern of the exiting light. However, a conventional
cloak introduces additional phase retardation due
to the light propagation inside its host material,
which renders it detectable to a phase-sensitive
measuring device. In contrast, the metasurface skin
cloak fully restores both the wavefront and the
phase of the scattered light and thus the object is
perfectly hidden. On the metasurface skin cloak, a
phase shift provided by each nanoantenna realigns
the wavefront. At an arbitrary point on the object
with height h to the flat reference plane, the
: : nanoantenna should recover the phase of the scat-
nanoantenna §BS€ Skipy g  Cloakdevice ) tered light. Light (red solid lines) incident at an

&> %, oblique angle (6, ¢) at that point should scatter as if

N
X it were reflected by the reference plane (orange

STOTE A d.object B m \ dashed lines). The nanoantenna at that point should

provide a phase shift A® = —2kghcos6+n, which
Cloaked region o mpensates the phase difference between the
solid and dashed lines. Note that the height is nega-
tive when the surface is below the reference plane.
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Fig. 2. Metasurface design and full-wave simulation results for the metasurface
skin cloak. (A) A 3D illustration of a nanoantenna used to build the metasurface. (B)
Calculated phase shifts and reflectance in a 2D parameter space spanned by /, and /,. The
solid lines are the contour lines of the phase shift and the dashed line is the contour line of
the reflectance at 84%. For simplicity, six different nanoantennas, which span the phase
from O to 2r with an interval of n/3, are chosen as the building blocks to construct the
metasurface, as shown by the six red circles intersecting the phase and the 84%-reflectance contour lines. (C to E) Full-wave simulated electrical field distribution
(shown for a cross section) based on an actual design for (C) a scattering object without a metasurface skin cloak at normal incidence, (D) the same object with a
metasurface skin cloak at normal incidence, and (E) the same object with the same metasurface skin cloak as in (D) but at 15° oblique incidence. Only the reflected
field is plotted for clarity. The wavelength of the incident light is 730 nm in the simulation. The reflected light is almost completely recovered by the skin cloak as if
there were no scattering object for both normal and oblique incidences.
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Fig. 3. A metasurface invisibility skin cloak for a 3D arbitrarily shaped
object. (A) An AFM image of a 3D arbitrarily shaped object that includes
multiple bumps and dents. (B) A SEM images of the object onto which a
metasurface skin cloak has been fabricated. The scale bar is 1 um. The inset
shows an enlarged image of the entire object, with a scale bar of 5 um. (C and
E) Optical widefield reflection images obtained with a 0.3 numerical aperture
objective lens with 730-nm-wavelength laser illumination. The sample region
is indicated by the red dashed boxes. (C) The obtained reflection image when

the cloak is on and (E) when the cloak is off, taken at the same position. The
noise in the images arises from the laser speckle. (D and F) The respective
interference images when the cloak is on and when it is off. When the cloak is
off, the interference fringes are distorted on the 3D object, which indicates the
height difference on the surface. When the cloak is on, the interference fringes
smoothen again, matching with that of the flat surface outside the object
region, thus proving that both the wavefront and the phase are well restored
without any distortion.

wavelength range (24, 25), unidirectional surface
wave coupling (26, 33), planar optical lenses and
waveplates (27, 34-37), ultrathin high-resolution
holograms (38-40), and enhancement of nonlinear
optical responses (41).

Here, we experimentally demonstrate an ultra-
thin invisibility skin cloak (Fig. 1A) at ~730 nm
that overcomes the limitations of a bulky cloak.
We created a metasurface tightly wrapped over an
object to render it free from optical detection. In
contrast to the previous bulky design using con-
tinuous refractive index distribution over a volu-
metric space (I6), the ultrathin layer of this skin
cloak reroutes the light and restores the wavefront
scattered from the object by compensating the
phase difference using phase-shifting resonant ele-
ments on the cloak surface. With the complete
wavefront and phase recovery, we are able to con-
ceal, for a specific light polarization, a 3D object of
arbitrary shape using this skin cloak. Our device
has a thickness of 80 nm (~A/9) and, being two-
dimensional, has much better scalability prospects.
Our experiments show that it successfully hides an
arbitrarily shaped 3D object of 36 um by 36 um at
~730-nm wavelength, both from direct widefield
imaging and phase-sensitive detection.

Our metasurface skin cloak consists of sub-
wavelength-scale nanoantennas, which provide
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distinct phase shifts locally to the reflected electro-
magnetic waves. On the basis of this phase control
capability, we designed the metasurface so that
the phase of the scattered light, at each point on
the surface of the cloak, would be the same as
that of light reflected from a flat mirror. For an
oblique-angle (6, ¢) light incident on an arbitrarily
shaped 3D object at a height of 2 with respect to
the reference plane (Fig. 1B), the introduced phase
shift should compensate the phase difference be-
tween the light scattered by the object and that
reflected from the reference plane. It is straight-
forward to calculate the phase difference, which is
AD = -2kyhcosb + wt, where k, is the free space
wave number. The additional © term represents
the phase jump induced by a reflecting mirror.
Therefore, nanoantennas designed with local A®
phase shift should realign the scattered wavefront.
Moreover, the phase should be completely restored,
rendering the object undetectable even for phase-
sensitive instruments.

As a demonstration, we used a simple rectangular
nanoantenna design (Fig. 2A). The calculated phase
shifts and reflectance in a 2D parameter space
spanned by nanoantenna dimensions Z, and Z, are
mapped out for the selection of designs. Six dif-
ferent antennas with phase shifts covering 0 to 2rt
while preserving the same reflectance were chosen

as the building blocks of the metasurface skin
cloak. To make the invisibility cloak fully operable
required the reflected intensity to be close to that of
a mirror. With adaptation of an ultrathin dielectric
spacer layer to create a gap plasmon resonance
(42, 43), our antennas were designed to attain an
overall reflectivity of 84% at around 730-nm wave-
length. The parameters for the nanoantennas used
in our experiment are indicated as red circles in
Fig. 2B. We built a metasurface using those nano-
antennas to compensate the local phase change of
the reflection. Full-wave simulation results show
that strong scattering and substantial wavefront
and phase distortion can occur for an arbitrarily
shaped 3D object with a maximum height of
about 1 um and a width of about 10 pm (Fig. 2C).
However, by wrapping the object with the meta-
surface skin cloak, the wavefront and phase are
completely restored for both normal (Fig. 2D) and
slightly oblique incidences (Fig. 2E). Therefore, the
object is perfectly hidden even from phase-sensitive
detection.

For experimental realization, we used focused
ion beam (FIB) to carve out an arbitrarily shaped
3D object with multiple bumps and dents, as illus-
trated in Fig. 1A. The height profile was mapped
out by an atomic force microscope (AFM), and
the metasurface skin cloak was then designed on

sciencemag.org SCIENCE
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Fig. 4. Quantitative performance evaluation for a metasurface skin cloak on a 3D bump-shaped object. The bump-shaped object has a maximum
height of ~400 nm and a width of ~10 um. (A and B) Interference fringes obtained when the cloak is respectively off and on. The sample regions are
indicated by the red dashed boxes. (C) A SEM image of the bump-shaped object with the metasurface skin cloak wrapped over it. The scale bar is 5 um.
(D) The extracted height profile from the interference measurement (A for cloak off and O for cloak on) together with that from the AFM measurement

(solid line) before fabrication of the nanoantennas.

the basis of this measured height profile (Fig. 3A).
The mask was fabricated by means of electron beam
lithography with precise alignment. More fabrica-
tion details can be found in the supplementary
materials. Figure 3B shows the scanning electron
microscope (SEM) images of the fabricated meta-
surface masked on the 3D object. The first test was
done by obtaining the widefield reflection image
of the device. Because we design our nanoantennas
to have the correct phase shift only in the 2 polar-
ization, we could easily turn the cloak on and off by
switching the polarization. With the cloak off, a
strong contrast between the cloaked region and
the surrounding reflective surface revealed the ob-
ject (Fig. 3E), but with the correct polarization, the
contrast became indistinguishable, rendering the
object completely invisible (Fig. 3C). For the phase
measurement, a customized Mach-Zehnder inter-
ferometer was built (fig. S2) to obtain the reflected
phase information from the sample. With the cloak
off, there were distortions in the interference fringes
indicating nonuniformity in the phase of the reflect-
ed light due to the scattering of the object (Fig. 3F).
With the cloak on, the distortions disappeared and
the fringes were smoothly aligned, indicating that
the reflected phase was perfectly uniform over the
surface (Fig. 3D). Because we used an objective to
image the sample, the interference fringes are rings
rather than perfectly straight lines. We also tested
an object with an identical profile but without a
skin cloak. The interference results (fig. S3B) show
fringe distortions similar to those obtained when
the cloak is turned off, thereby verifying that the
distortion of fringes was purely due to the object
scattering and not the metasurface’s polarization
dependence.

To quantify the performance of a skin cloak, we
fabricated and measured a 3D bump-shaped ob-
ject (Fig. 4). When the cloak was off (Fig. 4A), the
interference fringes shifted in the direction per-
pendicular to the stripes. The extent of phase shift
was approximately proportional to the local height
of the bump surface. When the cloak was on (Fig.
4B), the interference fringes became smooth and

SCIENCE sciencemag.org

realigned with those from the flat region. No phase
jump was observed even at the edges of the skin
cloak, proving that there was no additional phase
introduced by the cloak. The relative height infor-
mation was extracted from the extent of fringe
dislocation and compared with the AFM height
profile measured before the nanoantennas were
fabricated (Fig. 4D). When the skin cloak was off,
the height from the interference measurement
matched well with the AFM results, revealing the
true bump profile. Thus, the bump could be pre-
cisely mapped out with the use of this phase-
sensitive method. When the cloak was on, the
extracted height notably dropped to zero over
the entire area.

Our skin cloak fully encompasses the advan-
tages associated with metasurfaces. It is extremely
thin, because antenna and dielectric spacer thick-
nesses are 30 and 50 nm, respectively. With a to-
tal thickness of only about !/,, of the operating
wavelengths, it is fully scalable to macroscopic
sizes. Theoretically, there is no size limitation, yet
in practice, the size can be limited by the macro-
scopic nanofabrication technology. Nevertheless,
meter-scale nanofabrication is now possible—for
example, by roll-to-roll nano-imprinting. The cloak
can also conceal objects with sharp features like
abrupt edges and peaks because the invisibility is
attained via local phase adjustments. It is worth
pointing out that it is not a strict requirement to
put the antennas directly on the object. The meta-
surface can be on a container of any shape, with or
without space between the metasurface and the
hidden object. As long as the metasurface is de-
signed correctly, both the container and the objects
inside the container will become invisible. In our
experiment, we chose to fabricate the antennas
right on top of the object to demonstrate the ex-
treme capability of ultrathin 3D cloaking of an
arbitrary shape. Our design tolerated incident
angles at least within 30° To allow easy switching
between cloak on and cloak off configurations for
direct comparison, the metasurface was designed
to work only in one polarization. However, by

making the nanoantenna shapes symmetric in
both x and y directions, it would be possible to
implement a polarization-independent invisibility
skin cloak. Furthermore, if the nanoantennas could
be made adaptive, passively or actively, a deform-
able skin cloak could potentially conceal any object.
Note added in proof: While this manuscript
was in preparation, two theoretical proposals
also suggested the use of a phase gradient meta-
surface to build an invisibility device (44, 45).
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FERROELECTRICS

Emergence of room-temperature
ferroelectricity at reduced dimensions

D. Lee, H. Lu,? Y. Gu,? S.-Y. Choi,* S.-D. Li,* S. Ryu,' T. R. Paudel,> K. Song,®
E. Mikheev,” S. Lee,! S. Stemmer,” D. A. Tenne,® S. H. Oh,° E. Y. Tsymbal,2 X. Wu,®

L.-Q. Chen,? A. Gruverman,>* C. B. Eom"*

The enhancement of the functional properties of materials at reduced dimensions is crucial
for continuous advancements in nanoelectronic applications. Here, we report that the scale
reduction leads to the emergence of an important functional property, ferroelectricity,
challenging the long-standing notion that ferroelectricity is inevitably suppressed at the scale
of a few nanometers. A combination of theoretical calculations, electrical measurements, and
structural analyses provides evidence of room-temperature ferroelectricity in strain-free
epitaxial nanometer-thick films of otherwise nonferroelectric strontium titanate (SrTiO3).

We show that electrically induced alignment of naturally existing polar nanoregions is
responsible for the appearance of a stable net ferroelectric polarization in these films. This
finding can be useful for the development of low-dimensional material systems with enhanced
functional properties relevant to emerging nanoelectronic devices.

ow-dimensional ferroelectric structures hold
a great potential for scientific and techno-
logical endeavors (7). Reducing size while
retaining ferroelectric properties enables
an increase in the storage capacity of non-
volatile ferroelectric memories (2), exploration of
diverse nanoelectronic functions (3-7), and discov-
ery of exotic physical phenomena (8, 9). However,
maintaining the ferroelectricity in low-dimensional
structures, such as ultrathin films, has been ham-
pered by depolarization effects (10-12), which
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arise from the uncompensated charges at the
interface. The strong scaling effect seems to in-
evitably suppress ferroelectricity and its functions
below a critical dimension (10-13). A recent theo-
retical work suggested an intriguing concept for
reversibly enhancing ferroelectricity in ultrathin fer-
roelectric capacitors via the tailoring of chemical
bonds at the metal/oxide interface (74, but this mech-
anism has not yet been experimentally confirmed.

Here, we describe a different mechanism, which
enables enhancement of ferroelectricity as the
thickness of the system is decreased. In our ap-
proach, we use naturally existing polar nanoregions
(PNRs)—local nanometer-sized polar clusters—in
an archetype dielectric material with perovskite
structure: strontium titanate (SrTiO3). PNRs are
generally believed to arise from local nanoscale
inhomogeneities (such as chemical or structural
disorder) (15, 16), which exist in every material (17).
For example, Sr vacancies are intrinsic point defects
in SrTiO; because of their small formation energy
(18, 19), comparable with that of oxygen vacan-
cies, which are likely to act as a natural source of
PNRs (Fig. 1A) (20, 21). It has been previously
shown (20) that relatively thick (tens of nano-
meters) films of SrTiO3 exhibit relaxor behavior
at low temperatures because of the presence of the

PNRs. We demonstrate that electrically induced
alignment and stabilization of PNRs in nanometer-
thick SrTiO; films results in the emergence of net
ferroelectric polarization at room temperature.

Calculations predict that when SrTiOs is de-
ficient in Sr, antisite Ti defects could instantane-
ously form and generate local dipole moments by
an off-centering displacement (Fig. 1C) (22). Our
first-principles density-functional theory (DFT) mod-
eling (23) shows that the energy gain from this Ti
off-centering is as large as ~0.5 €V, originating
from structural distortion driven by an ionic radii
difference between Ti** (0.86 A) and Sr** (144 A).
Alocal polarization profile around the antisite Ti
atom (Fig. 1D) indicates that the off-centered
antisite Ti atom induces a large local polarization
in its residing unit cell and coherently polarizes
the surrounding region. The polarization switch-
ability follows from a calculated energy barrier of
~0.1 eV between the polarization states (Fig. 1E),
which is comparable with a double-well potential
barrier in conventional ferroelectric materials (24).
Thus, although pure bulk SrTiOj is centrosym-
metric and nonpolar (25), the PNRs of nanometer-
characteristic size can naturally form because of
the intrinsic Sr deficiency in SrTiOs.

We have previously observed Sr deficiency and
associated PNRs even in nominally stoichiomet-
ric SrTiO3 bulk single crystals and films (20, 21).
These small-sized PNRs, however, do not neces-
sarily generate ferroelectricity. When the film thick-
ness ¢ is much larger than the average PNR size &
(Fig. 1A), PNRs are isolated in an insulating ma-
trix. The depolarization field E4 in PNRs cannot
be effectively screened and thus destabilizes the
polarization of PNRs. On the other hand, as ¢ is
decreased the PNRs can play a vital role in the
emergence of ferroelectricity (Fig. 1B). When ¢ be-
comes comparable with or smaller than &, the
electrical boundary conditions for PNRs dras-
tically change as their interfaces come in contact
with metallic electrodes and/or become exposed
to surface adsorbates. The external charges screen
the E5 by compensating for the polarization
charge and thus can allow a switchable and sta-
ble polarization in PNRs. Such dimensional en-
gineering of polarization stability in PNRs would
provide an unconventional way to create and
enhance ferroelectricity at reduced dimensions,
distinct from methods such as strain (26-28) and
interface (13, 14) engineering.
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