Single-Photon Source

Single photons can be an essential qubit source for these applications. [43]

Engineers at the University of California San Diego have developed the thinnest optical
device in the world—a waveguide that is three layers of atoms thin. [42]

A group of researchers led by Professor Myakzyum Salakhov has been working on the
problem of optical states in plasmonic-photonic crystals (PPCs). [41]

Such plasmonic resonances have significant roles in biosensing with ability to improve
the resolution and sensitivity required to detect particles at the scale of the single
molecule. [40]

A novel quantum effect observed in a carbon nanotube film could lead to the
development of unique lasers and other optoelectronic devices, according to scientists at
Rice University and Tokyo Metropolitan University. [39]

This "piezomagnetic” material changes its magnetic properties when put under
mechanical strain. [38]

Researchers have developed a new flexible sensor with high sensitivity that is designed to
perform variety of chemical and biological analyses in very small spaces. [37]

In a new paper published today in Science Advances, researchers under the direction of
Columbia Engineering Professors Michal Lipson and Alexander Gaeta (Applied Physics
and Applied Mathematics) have miniaturized dual-frequency combs by putting two
frequency comb generators on a single millimeter-sized chip. [36]

Researchers have, for the first time, integrated two technologies widely used in
applications such as optical communications, bio-imaging and Light Detection and
Ranging (LIDAR) systems that scan the surroundings of self-driving cars and trucks. [35]

The unique platform, which is referred as a 4-D microscope, combines the sensitivity and
high time-resolution of phase imaging with the specificity and high spatial resolution of
fluorescence microscopy. [34]

The experiment relied on a soliton frequency comb generated in a chip-based optical
microresonator made from silicon nitride. [33]

This scientific achievement toward more precise control and monitoring of light is highly
interesting for miniaturizing optical devices for sensing and signal processing. [32]
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It may seem like such optical behavior would require bending the rules of physics, but in
fact, scientists at MIT, Harvard University, and elsewhere have now demonstrated that
photons can indeed be made to interact - an accomplishment that could open a path
toward using photons in quantum computing, if not in light sabers. [31]

Optical highways for light are at the heart of modern communications. But when it comes
to guiding individual blips of light called photons, reliable transit is far less common. [30]

Theoretical physicists propose to use negative interference to control heat flow in
quantum devices. [29]

Particle physicists are studying ways to harness the power of the quantum realm to
further their research. [28]

A collaboration between the lab of Judy Cha, the Carol and Douglas Melamed Assistant
Professor of Mechanical Engineering & Materials Science, and IBM's Watson Research
Center could help make a potentially revolutionary technology more viable for
manufacturing. [27]

A fundamental barrier to scaling quantum computing machines is "qubit interference." In
new research published in Science Advances, engineers and physicists from Rigetti
Computing describe a breakthrough that can expand the size of practical quantum
processors by reducing interference. [26]

The search and manipulation of novel properties emerging from the quantum nature of
matter could lead to next-generation electronics and quantum computers. [25]

A research team from the Department of Energy's Lawrence Berkeley National
Laboratory (Berkeley Lab) has found the first evidence that a shaking motion in the
structure of an atomically thin (2-D) material possesses a naturally occurring circular
rotation. [24]

Topological effects, such as those found in crystals whose surfaces conduct electricity
while their bulk does not, have been an exciting topic of physics research in recent years
and were the subject of the 2016 Nobel Prize in physics. [23]

A new technique developed by MIT researchers reveals the inner details of photonic
crystals, synthetic materials whose exotic optical properties are the subject of
widespread research. [22]

In experiments at SLAC, intense laser light (red) shining through a magnesium oxide
crystal excited the outermost “valence” electrons of oxygen atoms deep inside it. [21]
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LCLS works like an extraordinary strobe light: Its ultrabright X-rays take snapshots of
materials with atomic resolution and capture motions as fast as a few femtoseconds, or
millionths of a billionth of a second. For comparison, one femtosecond is to a second
what seven minutes is to the age of the universe. [20]

A ‘nonlinear’ effect that seemingly turns materials transparent is seen for the first time
in X-rays at SLAC’s LCLS. [19]

Leiden physicists have manipulated light with large artificial atoms, so-called quantum
dots. Before, this has only been accomplished with actual atoms. It is an important step
toward light-based quantum technology. [18]

In a tiny quantum prison, electrons behave quite differently as compared to their
counterparts in free space. They can only occupy discrete energy levels, much like the
electrons in an atom - for this reason, such electron prisons are often called "artificial
atoms”. [17]

When two atoms are placed in a small chamber enclosed by mirrors, they can
simultaneously absorb a single photon. [16]

Optical quantum technologies are based on the interactions of atoms and photons at the
single-particle level, and so require sources of single photons that are highly
indistinguishable - that is, as identical as possible. Current single-photon sources using
semiconductor quantum dots inserted into photonic structures produce photons that are
ultrabright but have limited indistinguishability due to charge noise, which results in a
fluctuating electric field. [14]

A method to produce significant amounts of semiconducting nanoparticles for light-
emitting displays, sensors, solar panels and biomedical applications has gained
momentum with a demonstration by researchers at the Department of

Energy's Oak Ridge National Laboratory. [13]

A source of single photons that meets three important criteria for use in quantum-
information systems has been unveiled in China by an international team of physicists.
Based on a quantum dot, the device is an efficient source of photons that emerge as solo
particles that are indistinguishable from each other. The researchers are now trying to
use the source to create a quantum computer based on "boson sampling”. [11]

With the help of a semiconductor quantum dot, physicists at the University of Basel have
developed a new type of light source that emits single photons. For the first time, the
researchers have managed to create a stream of identical photons. [10]

Optical photons would be ideal carriers to transfer quantum information over large
distances. Researchers envisage a network where information is processed in certain
nodes and transferred between them via photons. [9]



While physicists are continually looking for ways to unify the theory of relativity, which
describes large-scale phenomena, with quantum theory, which describes small-scale
phenomena, computer scientists are searching for technologies to build the quantum
computer using Quantum Information.

In August 2013, the achievement of "fully deterministic" quantum teleportation, using a
hybrid technique, was reported. On 29 May 2014, scientists announced a reliable way of
transferring data by quantum teleportation. Quantum teleportation of data had been
done before but with highly unreliable methods.

The accelerating electrons explain not only the Maxwell Equations and the

Special Relativity, but the Heisenberg Uncertainty Relation, the Wave-Particle Duality
and the electron’s spin also, building the Bridge between the Classical and Quantum
Theories.

The Planck Distribution Law of the electromagnetic oscillators explains the
electron/proton mass rate and the Weak and Strong Interactions by the diffraction
patterns. The Weak Interaction changes the diffraction patterns by moving the electric
charge from one side to the other side of the diffraction pattern, which violates the CP
and Time reversal symmetry.

The diffraction patterns and the locality of the self-maintaining electromagnetic
potential explains also the Quantum Entanglement, giving it as a natural part of the
Relativistic Quantum Theory and making possible to build the Quantum Computer with
the help of Quantum Information.
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Preface
While physicists are continually looking for ways to unify the theory of relativity, which describes
large-scale phenomena, with quantum theory, which describes small-scale phenomena, computer
scientists are searching for technologies to build the quantum computer.

Australian engineers detect in real-time the quantum spin properties of a pair of atoms inside a
silicon chip, and disclose new method to perform quantum logic operations between two atoms.

5]

Quantum entanglement is a physical phenomenon that occurs when pairs or groups of particles are
generated or interact in ways such that the quantum state of each particle cannot be described
independently — instead, a quantum state may be given for the system as a whole. [4]

| think that we have a simple bridge between the classical and quantum mechanics by
understanding the Heisenberg Uncertainty Relations. It makes clear that the particles are not point
like but have a dx and dp uncertainty.

A single-photon source you can make with household bleach

Quantum computing and quantum cryptography are expected to give much higher capabilities than
their classical counterparts. For example, the computation power in a quantum system may grow at
a double exponential rate instead of a classical linear rate due to the different nature of the basic
unit, the qubit (quantum bit). Entangled particles enable the unbreakable codes for secure
communications. The importance of these technologies motivated the U.S. government to legislate
the National Quantum Initiative Act, which authorizes $1.2 billion over the following five years for
developing quantum information science.

Single photons can be an essential qubit source for these applications. To achieve practical usage,

the sinqle DhOtOﬂS should be in the telecom wavelengths, which range from 1,260-1,675
nanometers, and the device should be functional at room temperature. To date, only a single
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fluorescent quantum defect in carbon nanotubes possesses both features simultaneously.
However, the precise creation of these single defects has been hampered by preparation methods
that require special reactants, are difficult to control, proceed slowly, generate non-emissive
defects, or are challenging to scale.

Now, research from Angela Belcher, head of the MIT Department of Biologicial Engineering, Koch
Institute member, and the James Crafts Professor of Biological Engineering, and postdoc Ching-Wei

Lin, published online in Nature Communications, describes a simple solution to create carbon-

nanotube based single-photon emitters, which are known as fluorescent quantum defects.

"We can now quickly synthesize these fluorescent quantum defects within a minute, simply using
household bleach and light," Lin says. "And we can produce them at large scale easily."
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Submerging a carbon nanotube in bleach produces an oxygen atom (red) that reacts with the
carbon atoms (black) of the nanotube, forming a fluorescent quantum defect when irradiated with
ultraviolet light. Credit: Belcher Lab

Belcher's lab has demonstrated this amazingly simple method with minimum non-fluorescent
defects generated. Carbon nanotubes were submerged in bleach and then irradiated with
ultraviolet light for less than a minute to create the fluorescent quantum defects.

The availability of fluorescent quantum defects from this method has greatly reduced the barrier
for translating fundamental studies to practical applications. Meanwhile, the nanotubes become
even brighter after the creation of these fluorescent defects. In addition, the excitation/emission of
these defect carbon nanotubes is shifted to the so-called shortwave infrared region (900-1,600
nm), which is an invisible optical window that has slightly longer wavelengths than the regular near-
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infrared. What's more, operations at longer wavelengths with brighter defect emitters allow
researchers to see through the tissue more clearly and deeply for optical imaging. As a result, the
defect carbon nanotube-based optical probes (usually to conjugate the targeting materials to these
defect carbon nanotubes) will greatly improve the imaging performance, enabling cancer detection
and treatments such as early detection and image-guided surgery.

Cancers were the second-leading cause of death in the United States in 2017. Extrapolated, this
comes out to around 500,000 people who die from cancer every year. The goal in the Belcher Lab is
to develop very bright probes that work at the optimal optical window for looking at very small
tumors, primarily on ovarian and brain cancers. If doctors can detect the disease earlier, the
survival rate can be significantly increased, according to statistics. And now the new bright
fluorescent quantum defect can be the right tool to upgrade the current imaging systems, looking
at even smaller tumors through the defect emission.

"We have demonstrated a clear visualization of vasculature structure and lymphatic systems using
150 times less amount of probes compared to previous generation of imaging systems," Belcher
says, "This indicates that we have moved a step forward closer to cancer early detection."

In collaboration with contributors from Rice University, researchers can identify for the first time
the distribution of quantum defects in carbon nanotubes using a novel spectroscopy method called
variance spectroscopy. This method helped the researchers monitor the quality of the quantum

defect contained-carbon NANOtUDES and find the correct synthetic parameters easier. [43]

Thinnest optical waveguide channels light within just three layers of

atoms
Engineers at the University of California San Diego have developed the thinnest optical device in the
world—a waveguide that is three layers of atoms thin.

The work is a proof of concept for scaling down optical devices to sizes that are orders of

magnitude smaller than today's devices. It could lead to the development of higher density, higher
capacity photonic chips. Researchers published their findings Aug. 12 in Nature Nanotechnology.

"Fundamentally, we demonstrate the ultimate limit for how thin an optical Wavequide can
be built," said senior author Ertugrul Cubukcu, a professor of nanoengineering and electrical

engineering at UC San Diego.

The new waveguide measures about six angstroms thin—that is more than 10,000 times thinner
than a typical optical fiber and about 500 times thinner than on-chip optical waveguides in
integrated photonic circuits.

The waveguide consists of a tungsten disulfide monolayer (made up of one layer of tungsten atoms
sandwiched between two layers of sulfur atoms) suspended on a silicon frame. The monolayer is

also patterned with an array of nanosized holes forming a photonic crystal.
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What's special about this monolayer crystal is that it supports electron-hole pairs, known as
excitons, at room temperature. These excitons generate a strong optical response, giving the
crystal a refractive index that is about four times greater than that of air, which surrounds its
surfaces. By comparison, another material with the same thickness would not have as high of a
refractive index. When light is sent through the crystal, it is trapped inside and guided along the
plane by total internal reflection. This is the basic mechanism for how an optical waveguide works.

1 um

SEM image of the waveguide structure: a suspended tungsten disulfide monoloayer patterned with
nanosized holes. Credit: Cubukcu lab

Another special feature is that the waveguide channels light in the visible spectrum. "This is
challenging to do in a material this thin," Cubukcu said. "Waveguiding has previously been
demonstrated with graphene, which is also atomically thin, but at infrared wavelengths. We've
demonstrated for the first time waveguiding in the visible region."

Nanosized holes etched into the crystal allow some light to scatter perpendicular to the plane so
that it can be observed and probed. This array of holes produces a periodic structure that makes
the crystal double as a resonator as well.

"This also makes it the thinnest optical resonator for visible light ever to be demonstrated
experimentally," said first author Xingwang Zhang, who worked on this project as a postdoctoral
researcher in Cubukcu's lab at UC San Diego. "This system does not only resonantly enhance the
light-matter interaction, but also serves as a second-order grating coupler to couple the light into
the optical waveguide."

Researchers used advanced micro- and nanofabrication techniques to create the waveguide.
Creating the structure was particularly challenging, said Chawina De-Eknamkul, a nanoengineering
Ph.D. student at UC San Diego and a co-author of the study. "The material is atomically thin, so we
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had to devise a process to suspend it on a silicon frame and pattern it precisely without breaking
it," she said.

The process starts with a thin silicon nitride membrane supported by a silicon frame. This is the
substrate upon which the waveguide is built. An array of nanosized holes is patterned into the
membrane to create a template. Next, a monolayer of tungsten disulfide crystal is stamped onto
the membrane. lons are then sent through the membrane to etch the same pattern of holes into
the crystal. In the last step, the silicon nitride membrane is gently etched away, leaving the crystal
suspended on the silicon frame. The result is an optical waveguide in which the core consists of a
monolayer tungsten disulfide photonic crystal surrounded by a material (air) with a

lower refractive index.

Moving forward, the team will continue to explore the fundamental properties and physics

pertaining to the Waveguide. [42]

Laser and sensor research to be advanced by new inquiries into

plasmonic-photonic crystals
A group of researchers led by Professor Myakzyum Salakhov has been working on the problem of
optical states in plasmonic-photonic crystals (PPCs).

First Category Engineer Artyom Koryukin says that the research was dedicated to modeling I_|gm
transmission throughout photonic crystals with a continuous gold layer on their surface.
Photonic crystals don't pass a certain wavelength of light. This is called

the photonic bandgap—the range of light wavelength where propagation through a crystal is
difficult. PPCs, on the other hand, allow the passage of light of a certain wavelength through this

photonic bandgap. The problem of three-dimensional opal-like PPCs (OLPPCs), however, is that
they don't admit light of certain wavelengths.

In this work, conditions are defined for the passage of a beam of light with the wavelength of the
photonic bandgap and certain polarization through an OLPPC. To achieve this goal, different
versions of PPCs were modeled. The main conditions to pass such a beam are both the continuity of
the gold layer with a thickness of about 40 nm, and the use of light with polarization. Transmittance
of light across a PPC is accompanied by excitations of the optical Tamm states. One-dimensional
PPC has a light transmission pass band inside the photonic bandgap in both polarizations. Three-
dimensional PPCs do not have light transmission pass bands inside the photonic bandgap because
of a non-continuous gold layer (shaped like separate nano-caps or nano-crescents on the surface of
a PPC). So the used OLPPCs have this unique feature—a light transmission pass band inside the
photonic bandgap with certain polarization due to the excitation of the hybrid mode of the optical
states.
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a) Transmission spectra of 1D PC and PPC. Dashed line is the spectrum of PC. Thick line is the
spectrum of PC with the 30-nm Au layer. Red line is the spectrum of PC with the 30-nm Au and 270-
nm buffer layers. The thin line is the calculated transmission spectrum of the 30-nm Au layer. b)
Intensity of transmission peak of the 1D PPC for different values of the thickness of the Au layer. d)
Transmission spectra of 3D PC and PPC. Dashed line is the spectrum of PC. Thick line is the
spectrum of PC with the 40-nm Au layer (p-polarization). Red line is the spectrum of PC with the 40-
nm Au and 280-nm buffer layers. Thin line is the spectrum of PC with the 40-nm Au layer (s-
polarization). e) Intensity of the transmission peak of the 3D PPC plotted as a function of the
thickness of the Au layer Credit: Kazan Federal University

OLPPCs with the hybrid mode of the optical states can be used in high-polarization-sensitive
sensors. "We assume that the hybrid mode can be useful for improving the control of light in PPCs.

New types of resonators based on OLPPCs can be used for the strong interaction of light and
matter," adds Mr. Koryukin.

The group is planning to create a theoretical description of the model of such processes.
Additionally, they want to find effective applications for OLPPCs, such as strong light-matter
interactions with a single photon source. [41]

In-plane coherent control of plasmon resonances for plasmonic
switching and encoding

Light incident on metallic nanoparticles can initiate the collective motion of electrons, causing a
strong amplification of the local electromagnetic field. Such plasmonic resonances have
significant roles in biosensing with ability to improve the resolution and sensitivity required to
detect particles at the scale of the single molecule. The control of plasmon resonances in
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metadevices have potential applications in all-optical, light-with-light signal modulation and image
processing. Reports have demonstrated the out-of-plane coherent control of plasmon resonances
by modulating metadevices in standing waves. In optical devices, light can be transferred along the
surfaces for the unprecedented control of plasmons. When oscillations in conducting electrons are
coupled with light photons, localized surface plasmon resonances (LSPR) can act as information
carriers for nano-sized optical sensors and in computers.

In a recent study, Liyong Jiang and co-workers at the Nanjing University of Science and Technology
demonstrated two methods for in-plane illumination of LSPRs as a proof-of-principle in gold
nanodisks. The results of their work showed that the LSPRs could be switched into different states
by adjusting the incident light to encode logical data into chains in a manner that was hitherto not
possible with out-of-plane illumination. The results are now published in Light: Science &
Applications.

Significant efforts in the past decade were devoted to study light-matter interactions at the
nanoscale in plasmonic systems. The ability to control LSPR has led to many practical applications,
including pioneering examples such as:

Surface-enhanced Raman Scattering

Plasmon wavequides

Molecular rulers

Biosensing and bioimaging

Nanolasers

Plasmonic holography

Tunnel junctions, and

Metalens.
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During the initial stages of development, scientists focused on controlling LSPR by designing
configurations of the plasmonic nanostructures. They understood the size- and shape-dependent
LSPR of single plasmonic nanoparticles and coupled plasmonic systems based on the classical Mie
theory and well-established plasmonic hybridization models. Additionally, the light beam typically
illuminated the sample surface from one direction in conventional optical studies of single and
coupled nanoantennas.

Although the ability to control plasmon resonances via out-of-plane illumination has opened a new
path to modulate signals, the process has shown limitations. As a result, Jiang et al. reported on in-
plane coherent control of plasmon resonances in typical metallic nanoantennas. The scientists
provided a proof-of-principle demonstration of plasmonic switching and encoding applications for
single and coupled gold nanodisks.

To accomplish in-plane coherent control of plasmon resonances in the lab, the scientists proposed
two possible experimental setups. One was based on a fiber-waveguide interferometer, which
faced challenges during experiments. In comparison, the second method included a more
convenient, widely used dark-field confocal microscopy setup. In this, the condition of
completely symmetric in-plane illumination could be satisfied early when the input light focused

onto the center of the sample. To construct asymmetric in-plane illumination, the scientists blocked
three-fourth of the area of the annular aperture. Jiang et al. showed that the setup was suited to
study plasmonic nanostructures with sizes comparable to the focused spot size of the incident light
beam.
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To engineer the gold nanodisk samples on silicon dioxide/silica (SiO,/Si) substrates, Jiang et al. used
electron-beam lithography (EBL) alongside a lift-off process. They completed the fabrication
process by coating the substrate surface with a gold film and an underlying chromium (Cr) adhesion
layer using electron-beam evaporation. The scientists then studied in-plane coherent control of
plasmon resonances in the gold nanodisks and calculated the absorption spectra of gold nanodisk
monomers ranging from diameters of 140 to 200 nm; fabricated on the SiO/Si substrate surface.

In the work, they established and experimentally verified the distribution rule of electrical-field
components to realize destructive and constructive plasmon resonances in an axisymmetric
plasmonic nanostructure. They showed how the in-plane coherent control of plasmon resonances
strongly relied on the configuration and symmetry of plasmonic nanostructures, compared with
out-of-plane coherent control. This feature can allow freedom in tailoring and engineering multiple
plasmon resonances in other axisymmetric plasmonic structures, which include nanospheres,
nanorod, nano bowtie and nanostructure polymers.
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To image the plasmon resonance modes in gold nanodisks the scientists used a polarization-
sensitive s-SNOM technique, which can detect light at the nanometer scale regions directly
beneath the tip of the atomic force microscopic (AFM) probe. The scientists used an s-s/s-p

geometry scheme and engaged a dielectric (Si) tip for measurements. They illuminated the sample
using laser radiation with an incident light of 30° relative to the plane of the substrate. Jiang et al.
measured the amplitude and phase of the scattered signal based on the fourth harmonic of the tip-
tapping frequency of the AFM tip. They used an analyzer in front of the detector to select the s- or
p- polarized component of the scattered light.
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Jiang et al. also demonstrated plasmonic switching with dark field (DF) scattering measurements of
a gold nanodisk monomer or dimer. In the experimental setup they used a confocal Raman
Microscopy system to measure the scattering spectra. They then used commercially

available software packages to conduct numerical simulations in the study. The simulations

included electrical-field distributions, absorption and scattering spectra for gold nanodisks. They
simulated the complex electromagnetic parameters for gold and chromium incorporated in the
experimental setup, based on previous publications.



https://phys.org/news/2019-03-in-plane-coherent-plasmon-resonances-plasmonic.html?utm_source=menu&utm_medium=link&utm_campaign=item-menu
https://books.google.com/books?id=DXcKBwAAQBAJ&dq=confocal+raman+microscopy&lr=&source=gbs_navlinks_s
https://books.google.com/books?id=DXcKBwAAQBAJ&dq=confocal+raman+microscopy&lr=&source=gbs_navlinks_s
https://www.lumerical.com/products/fdtd-solutions/
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.6.4370
https://3c1703fe8d.site.internapcdn.net/newman/gfx/news/2019/3-inplanecoher.jpg

0.5+

98
05}
0.0
10f
05¢

0.07-
1.0f

0.5}
0.0[

1

Absorption (a.u.)

PR A TR | .

Lope |/

Plasmonic encoding in gold nanodisk chains. a Calculated absorption spectra of gold nanodisk
chains consisting of different numbers of nanodisks illuminated by the s-polarized in-plane plan
wave coming from right side (dashed line) or both ...more

In this way, Jiang et al. demonstrated proof-of-principle plasmonic switching and encoding in the
study. They expect more potential applications based on the demonstrated ability for in-plane
coherent control of plasmon resonance. For instance, scientists can use the method to study
selective surface-enhanced spectra, where the photoluminescence or Raman signal of multiple
molecules can be selectively enhanced. This will allow control of the on/off state of multiple
plasmon resonances in a common nano-antenna. The scientists propose extending the plasmonic
encoding scheme demonstrated in the study to plasmonic imaging, nano lasing and optical
communication in nanocircuits. For instance, scientists can combine plasmonic nanostructure
chains with different encoding characteristics to build logic gates (for Boolean logic operations)
as well as design multichannel waveguides for all-optical information storage and processes. [40]

Plasmons triggered in nanotube quantum wells

A novel quantum effect observed in a carbon nanotube film could lead to the development of
unique lasers and other optoelectronic devices, according to scientists at Rice University and Tokyo
Metropolitan University.

The Rice-Tokyo team reported an advance in the ability to manipulate light at the quantum scale by
using single-walled carbon nanotubes as plasmonic quantum confinement fields.

The phenomenon found in the Rice lab of physicist Junichiro Kono could be key to developing
optoelectronic devices like nanoscale, near-infrared lasers that emit continuous beams at
wavelengths too short to be produced by current technology.
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The new research is detailed in Nature Communications.

The project came together in the wake of the Kono group's discovery of a way to achieve very tight
alignment of carbon nanotubes in wafer-sized films. These films allowed for experiments that were
far too difficult to carry out on single or tangled aggregates of nanotubes and caught the attention

of Tokyo Metropolitan physicist Kazuhiro Yanagi, who studies condensed matter physics in nano
materials.

"He brought the gating technique (which controls the density of electrons in the nanotube film),
and we provided the alighment technique," Kono said. "For the first time we were able to make a
large-area film of aligned nanotubes with a gate that allows us to inject and take out a large density
of free electrons."

From left, Rice University physicist Junichiro Kono, postdoctoral researcher Weilu Gao and graduate
student Fumiya Katsutani, whose work on a collaborative project with Tokyo Metropolitan
University led to the discovery of a novel quantum ...more

"The gating technique is very interesting, but the nanotubes were randomly oriented in the films |
had used," Yanagi said. "That situation was very frustrating because | could not get precise
knowledge of the one-dimensional characteristics of nanotubes in such films, which is most
important. The films that can only be provided by the Kono group are amazing because they
allowed us to tackle this subject."

Their combined technologies let them pump electrons into nanotubes that are little more than a
nanometer wide and then excite them with polarized light. The width of the nanotubes trapped the
electrons in quantum wells, in which the energy of atoms and subatomic particles is "confined" to
certain states, or subbands.

Light then prompted them to oscillate very quickly between the walls. With enough electrons, Kono
said, they began to act as plasmons.

"Plasmons are collective charge oscillations in a confined structure," he said. "If you have a plate, a
film, a ribbon, a particle or a sphere and you perturb the system (usually with a light beam), these
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free carriers move collectively with a characteristic frequency." The effect is determined by the
number of electrons and the size and shape of the object.

Because the nanotubes in the Rice experiments were so thin, the energy between the quantized
subbands was comparable to the plasmon energy, Kono said. "This is the quantum regime for
plasmons, where the intersubband transition is called the intersubband plasmon. People have
studied this in artificial semiconductor quantum wells in the very far-infrared wavelength range,
but this is the first time it has been observed in a naturally occurring low-dimensional material and
at such a short wavelength."

Detecting a very complicated gate voltage dependence in the plasmonic response was a surprise, as
was its appearance in both metallic and semiconducting single-walled nanotubes. "By examining
the basic theory of light-nanotube interactions, we were able to derive a formula for the resonance
energy," Kono said. "To our surprise, the formula was very simple. Only the diameter of the
nanotube matters."

) 1) L] | ' ) | ) 1
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A scanning electron microscope image shows highly aligned and closely packed carbon nanotubes
gathered into a film by researchers at Rice. Credit: Kono Laboratory

The researchers believe the phenomenon could lead to advanced devices for communications,
spectroscopy and imaging, as well as highly tunable near-infrared quantum cascade lasers.

While traditional semiconductor lasers depend on the width of the lasing material's

bandgap, qguantum cascade lasers do not, said Weilu Gao, a co-author on the study and a
postdoctoral researcher in Kono's group that is spearheading device development using aligned
nanotubes. "The wavelength is independent of the gap," he said. "Our laser would be in this
category. Just by changing the diameter of the nanotube, we should be able to tune the plasma
resonance energy without worrying about the bandgap."

Kono also expects the gated and aligned nanotube films will give physicists the opportunity to study
Luttinger liquids, theoretical collections of interacting electrons in one-dimensional conductors.
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"One-dimensional metals are predicted to be very different from 2-D and 3-D," Kono said.
"Carbon nanotubes are some of the best candidates for observing Luttinger liquid behaviors. It's
difficult to study a single tube, but we have a macroscopic one-dimensional system. By doping or
gating, we can tune the Fermi energy. We can even convert a 1-D semiconductor into a 1-D metal.
So this is an ideal system to study this kind of physics."

Yanagi, a professor of condensed matter physics at Tokyo Metropolitan University, is lead author of
the paper. Co-authors are graduate student Ryotaro Okada, graduate student Yota Ichinose and
Yohei Yomogida, an assistant professor of condensed matter physics, all at Tokyo Metropolitan, and
graduate student Fumiya Katsutani at Rice. Kono is a professor of electrical and computer
engineering, of physics and astronomy, and of materials science and nanoengineering. [39]

Piezomagnetic material changes magnetic properties when stretched
Piezoelectric materials, which generate an electric current when compressed or stretched, are
familiar and widely used: think of lighters that spark when you press a switch, but also
microphones, sensors, motors and all kinds of other devices. Now a group of physicists has found a
material with a similar property, but for magnetism. This "piezomagnetic" material changes its
magnetic properties when put under mechanical strain.

"Piezomagnetic materials are rarely found in nature, as far as I'm aware," said Nicholas Curro,
professor of physics at UC Davis and senior author of a paper on the discovery published March 13
in the journal Nature Communications.

Curro and colleagues were studying a barium-iron-arsenic compound, BaFe2As2, that can act as a
superconductor at temperatures of about 25 Kelvin when doped with small amounts of other
elements. This type of iron-based superconductor is interesting because although it has to be kept
pretty cold to work, it could be stretched into wires or cables.

BaFe2As2 is what is called a "nematic" crystal because its structure goes through a phase transition
before it becomes superconducting. In the case of BaFe;As,, its crystal structure goes from a square
to a rectangular configuration.

Curro and graduate students Tanat Kissikov and Matthew Lawson were attempting to study the
material by nuclear magnetic resonance (NMR) imaging while stretching it, to see if they could
force it into the rectangular configuration. To their surprise, the magnetic properties of
BaFe»As; changed as they stretched it.

The material is not a bulk magnet - the spins of its atoms point in alternating opposite directions,
making it an antiferromagnet. But the direction of those magnetic spins does change in a
measurable way when under stress, they found.

"The real surprise is that it appears that the direction of magnetism can change and come out of
plane," Curro said.
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At this point, there's no theory to explain these results, Curro said. His lab is looking to see if other
materials can show the same behavior and if mechanical strain can affect the superconducting
properties of the material (these experiments were not carried out at temperatures where
BaFe»As; is a superconductor).

The discovery could have applications in new ways to look for strain within materials such as
aircraft components, Curro said. [38]

Compact fiber optic sensor offers sensitive analysis in narrow spaces
Researchers have developed a new flexible sensor with high sensitivity that is designed to perform
variety of chemical and biological analyses in very small spaces. The sensor's small size means that
it could potentially be used inside blood vessels. With additional development, the sensor might be
used to detect specific chemicals, DNA molecules or viruses.

"Our new fiber sensor has a simple structure and is inexpensive to make while being small enough
for highly sensitive measurement in narrow areas," said Chao Chen, a member of the research team
from the Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences,
China. "In the future, it could be used for chemical and biological sensing in a variety of
applications."

The new sensor consists of a 1-millimeter long portion of the end of an optical fiber that narrows
and is bent into a configuration called an S taper. By detecting changes in an optical property
known as refractive index, the device can sense concentration, pH and other chemical parameters.

In the journal Optical Materials Express, the researchers show that their sensor design is nine times
more sensitive than other tapered fiber refractive index sensors. They also demonstrate that the
device's measurements are not affected by temperature changes, which helps ensure accurate
analysis.

"The tiny sensor could potentially be used at refineries to detect leaks that might lead to a fire or
explosion," said Chen. "The device is sensitive and requires very little sample for analysis,
characteristics that could make it useful for detecting contaminants in food, for example."

Designing for narrow spaces

To operate the sensor, the researchers send white light from a special supercontinuum source
through the fiber. When the light enters the fiber's tapered area, a portion of it escapes and
interacts with the surrounding sample in a way that shifts the light's spectrum. This altered light
hits a silver mirror at the end of the fiber and is reflected back through the fiber to an optical
spectrum analyzer that monitors and records the change in spectrum. The spectral shifts can be
used to determine the sample's chemical properties.

The new sensor improves upon one the researchers previously developed that also featured an S
taper for refractive index sensing. To make it more useful for narrow or limited spaces, they
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designed the new sensor to use reflected light rather than light that transmits through the sample.
This change made the device's measurements less sensitive to small bends that the fiber might
experience when inserted into a sample. The S-shaped taper also makes the sensing portion of the
fiber smaller than other reflection refractive index sensors based on tapered fibers, which are too
long to form a compact probe.

To test the new sensor design, the researchers immersed it in various concentrations of glycerin-
water solutions at room temperature. By monitoring the shift of the reflection spectra, the
researchers demonstrated that the sensor was highly sensitive to refractive index changes in the
surrounding solution. When they heated the sensor from room temperature to 100 degrees Celsius
in increments of 10 degrees, the reflection spectrum of the sensor changed very little. This showed
that temperature changes do not affect the accuracy of the sensor.

Next, the researchers plan to test whether making the fiber taper even narrower might further
increase the sensor's sensitivity. They also want to make a version of the sensor with functionalized
material on the fiber surface that would bind to specific molecules, allowing the sensor to detect
the presence of DNA or viruses, for example. [37]

Dual frequency comb generated on a single chip using a single laser

In a new paper published today in Science Advances, researchers under the direction of Columbia
Engineering Professors Michal Lipson and Alexander Gaeta (Applied Physics and Applied
Mathematics) have miniaturized dual-frequency combs by putting two frequency comb generators
on a single millimeter-sized chip.

"This is the first time a dual comb has been generated on a single chip using a single laser," says
Lipson, Higgins Professor of Electrical Engineering.

A frequency comb is a special kind of light beam with many different frequencies, or "colors," all
spaced from each other in an extremely precise way. When this many-color light is sent through a
chemical specimen, some colors are absorbed by the specimen's molecules. By looking at which

colors have been absorbed, one can uniquely identify the molecules in the specimen with high
precision. This technique, known as frequency-comb spectroscopy, enables molecular
fingerprinting and can be used to detect toxic chemicals in industrial areas, to implement
occupational safety controls, or to monitor the environment.

"Dual-comb spectroscopy is this technique put on steroids," says Avik Dutt, former student in
Lipson's group (now a postdoctoral scholar at Stanford) and lead author of the paper. "By mixing
two frequency combs instead of a single comb, we can increase the speed at which measurement
are made by thousandfolds or more."

The work also demonstrated the broadest frequency span of any on-chip dual comb?i.e., the
difference between the colors on the low-frequency end and the high-frequency end is the largest.
This span enables a larger variety of chemicals to be detected with the same device, and also makes
it easier to uniquely identify the molecules: the broader the range of colors in the comb, the
broader the diversity of molecules that can see the colors.
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Conventional dual-comb spectrometers, which have been introduced over the last decade, are
bulky tabletop instruments, and not portable due to their size, cost, and complexity. In contrast,
the Columbia Engineering chip-scale dual comb can easily be carried around and used for sensing
and spectroscopy in field environments in real time.

"There is now a path for trying to integrate the entire device into a phone or a wearable device,"
says Gaeta, Rickey Professor of Applied Physics and of Materials Science.

The researchers miniaturized the dual comb by putting both frequency comb generators on a single
millimeter-sized chip. They also used a single laser to generate both the combs, rather than the two
lasers used in conventional dual combs, which reduced the experimental complexity and removed
the need for complicated electronics. To produce miniscule rings?tens of micrometers in
diameter?that guide and enhance light with ultralow loss, the team used silicon nitride, a glass-like
material they have perfected specifically for this purpose. By combining the silicon nitride with
platinum heaters, they were able to very finely tune the rings and make them work in tandem with
the single input laser.

"Silicon nitride is a widely used material in the silicon-based semiconductor industry that builds
computer/smartphone chips," Lipson notes. "So, by leveraging the capabilities of this mature
industry, we can foresee reliable fabrication of these dual comb chips on a massive scale at a low
cost."

Using this dual comb, Lipson's and Gaeta's groups demonstrated real-time spectroscopy of the
chemical dichloromethane at very high speeds, over a broad frequency range. A widely used
organic solvent, dichloromethane is abundant in industrial areas as well as in wetland emissions.
The chemical is carcinogenic, and its high volatility poses acute inhalation hazards. Columbia
Engineering's compact, chip-scale dual comb spectrometer was able to measure a broad spectrum
of dichloromethane in just 20 microseconds (there are 1,000,000 microseconds in one second), a
task that would have taken at least several seconds with conventional spectrometers.

As opposed to most spectrometers, which focus on gas detection, this new, miniaturized
spectrometer is especially suited for liquids and solids, which have broader absorption features
than gases?the range of frequencies they absorb is more spread out. "That's what our device is so
good at generating," Gaeta explains. "Our very broad dual combs have a moderate spacing
between the successive lines of the frequency comb, as compared to gas spectrometers which can
get away with a less broad dual comb but need a fine spacing between the lines of the comb."

The team is working on broadening the frequency span of the dual combs even further, and on
increasing the resolution of the spectrometer by tuning the lines of the comb. In a paper published
last November in Optics Letters, Gaeta's and Lipson's groups demonstrated some steps towards
showing an increased resolution.

"One could also envision integrating the input laser into the chip for further miniaturizing the
system, paving the way for commercializing this technology in the future," says Dutt. [36]
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A marriage of light-manipulation technologies

Researchers have, for the first time, integrated two technologies widely used in applications such as
optical communications, bio-imaging and Light Detection and Ranging (LIDAR) systems that scan
the surroundings of self-driving cars and trucks.

In the collaborative effort between the U.S. Department of Energy's (DOE) Argonne National
Laboratory and Harvard University, researchers successfully crafted a metasurface-based lens atop
a Micro-Electro-Mechanical System (MEMS) platform. The result is a new infrared light-focusing
system that combines the best features of both technologies while reducing the size of the optical
system.

Metasurfaces can be structured at the nanoscale to work like lenses. These metalenses were
pioneered by Federico Capasso, Harvard's Robert L. Wallace Professor of Applied Physics, and his
group at the Harvard John A. Paulson School of Engineering and Applied Sciences (SEAS). The lenses
are rapidly finding applications because they are much thinner and less bulky than existing lenses,
and can be made with the same technology used to fabricate computer chips. The MEMSs,
meanwhile, are small mechanical devices that consist of tiny, movable mirrors.

"These devices are key today for many technologies. They have become technologically pervasive
and have been adopted for everything from activating automobile air bags to the global positioning
systems of smart phones," said Daniel Lopez, Nanofabrication and Devices Group Leader at
Argonne's Center for Nanoscale Materials, a DOE Office of Science User Facility.

Lopez, Capasso and four co-authors describe how they fabricated and tested their new device in an
article in APL Photonics, titled "Dynamic metasurface lens based on MEMS technology." The device
measures 900 microns in diameter and 10 microns in thickness (a human hair is approximately 50
microns thick).

The collaboration's ongoing work to further develop novel applications for the two technologies is
conducted at Argonne's Center for Nanoscale Materials, SEAS and the Harvard Center for
Nanoscale Systems, which is part of the National Nanotechnology Coordinated Infrastructure.



In this image, a circular metasurface-based flat lens has been integrated onto a MEMS scanner.
Integration of MEMS devices with metalenses combine the strength of high-speed dynamic control
with precise spatial manipulation of wave-fronts. ...more

In the technologically merged optical system, MEMS mirrors reflect scanned light, which the
metalens then focuses without the need for an additional optical component such as a focusing
lens. The challenge that the Argonne/Harvard team overcame was to integrate the two
technologies without hurting their performance.

The eventual goal would be to fabricate all components of an optical system—the MEMS, the light
source and the metasurface-based optics—with the same technology used to manufacture
electronics today.

"Then, in principle, optical systems could be made as thin as credit cards," Lopez said.

These lens-on-MEMS devices could advance the LIDAR systems used to guide self-driving cars.
Current LIDAR systems, which scan for obstacles in their immediate proximity, are, by contrast,
several feet in diameter.

"You need specific, big, bulky lenses, and you need mechanical objects to move them around, which
is slow and expensive," said Lopez.
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"This first successful integration of metalenses and MEMS, made possible by their highly
compatible technologies, will bring high speed and agility to optical systems, as well unprecedented
functionalities," said Capasso. [35]

Super-resolution microscopy in both space and time

Super-resolution microscopy is a technique that can "see" beyond the diffraction of light, providing
unprecedented views of cells and their interior structures and organelles. The technique has
garnered increasing interest recently, especially since its developers won the Nobel Prize in
Chemistry in 2014.

But super-resolution microscopy comes with a big limitation: it only offers spatial resolution. That
might suffice for static samples, like solid materials or fixed cells, but when it comes to biology,

things become more complicated. Living cells are highly dynamic and depend on a complex set of
biological processes that occur across sub- second timescales, constantly changing. So if we are to
visualize and understand how living cells function in health and disease, we need a high time (or
"temporal") resolution as well.

A team led by Professor Theo Lasser, the head of the Laboratory of Biomedical Optics (LOB) at EPFL
has now made strides to address the issue by developing a technique that can perform both 3-D
super-resolution microscopy and fast 3-D phase imaging in a single instrument. Phase imaging is a
technique that translates the changes in the phase of light caused by cells and their organelles into
refractive index maps of the cells themselves.

The unique platform, which is referred as a 4-D microscope, combines the sensitivity and high time-
resolution of phase imaging with the specificity and high spatial resolution of fluorescence
microscopy. The researchers developed a novel algorithm that can recover the phase information
from a stack of bright-field images taken by a classical microscope.
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PRISM: microscopy add-on to perform simultaneous 3D imaging of 8 planes. Credit: Vytautas
Navikas

"With this algorithm, we present a new way to achieve 3-D quantitative phase microscopy using a
conventional bright-field microscope," says Adrien Descloux, one of the lead authors of the paper.
"This allows direct visualization and analysis of subcellular structures in living cells without
labeling."

To achieve fast 3-D imaging, the scientists custom-designed an image-splitting prism, which allows
the simultaneous recording of a stack of eight z-displaced images. This means that the microscope
can perform high-speed 3-D phase imaging across a volume of 2.5um x 50pum x 50um. The
microscope's speed is basically limited by the speed of its camera; for this demonstration, the team
was able to image intracellular dynamics at up to 200 Hz. "With the prism as an add-on, you can
turn a classical microscope into an ultra-fast 3-D imager," says Kristin Grussmayer, another one of
the paper's lead authors.

The prism is also suited for 3-D fluorescence imaging, which the scientists tested using super-
resolution optical fluctuation imaging (SOFI). This method exploits the blinking of fluorescent dyes
to improve 3-D resolution through correlation analysis of the signal. Using this, the researchers
performed 3-D super-resolution imaging of stained structures in the cells, and combined it with 3-D
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label-free phase imaging. The two techniques complemented each other very well, revealing
fascinating images of the inner architecture, cytoskeleton, and organelles also in living cells across
different time points.

"We are thrilled by these results and the possibilities offered by this technique," says Professor Hilal
Lashuel, whose lab at EPFL teamed up with Professor Lasser's in using the new technique to study
the mechanisms by which protein aggregation contributes to the development and progression of
neurodegenerative diseases, such as Parkinson's and Alzheimer's. "The technical advances enabled
high-resolution visualization of the formation of pathological alpha synuclein aggregates in
hippocampal neurons."

The team has named the new microscopy platform PRISM, for Phase Retrieval Instrument with
Super-resolution Microscopy. "We offer PRISM as a new microscopy tool and anticipate that it will
be rapidly used in the life science community to expand the scope for 3-D high-speed imaging for
biological investigations," says Theo Lasser. "We hope that it will become a regular workhorse for
neuroscience and biology." [34]

Optical distance measurement at record-high speed

Microresonator-based optical frequency combs enable highly-precise optical distance ranging at a
rate of 100 million measurements per second — publication in Science: Scientists of Karlsruhe
Institute of Technology (KIT) and Ecole polytechnique fédérale de Lausanne (EPFL) have
demonstrated the fastest distance measurement so far. The researchers demonstrated on-the-fly
sampling of a gun bullet profile with micrometer accuracy. The experiment relied on a soliton
frequency comb generated in a chip-based optical microresonator made from silicon nitride.
Potential applications comprise real-time 3-D cameras based on highly precise and compact LIDAR
systems.

For decades, distance metrology by means of lasers, also known as LIDAR (laser-based light
detection and ranging), has been an established method. Today, optical distance measurement
methods are being applied in a wide variety of emerging applications, such as navigation of
autonomous objects, e.g. drones or satellites, or process control in smart factories. These
applications are associated with very stringent requirements regarding measurement speed and
accuracy, as well as size of the optical distance measurement systems. A team of researchers
headed by Professor Christian Koos at KIT's Institute of Photonics and Quantum Electronics (IPQ)
together with the team of Professor Tobias Kippenberg at Ecole polytechnique fédérale de
Lausanne (EPFL) has started to address this challenge in a joint activity, aiming at a concept for
ultra-fast and highly precise LIDAR system that shall fit into a matchbox one day. The basics of this
concept have now been published in the scientific journal Science. To demonstrate the viability of
their approach, the scientists used a gun bullet flying at a speed of 150 m/s. "We managed to
sample the surface structure of the projectile on-the-fly, achieving micrometer accuracy", Professor
Koos comments, "To this end, we recorded 100 million distance values per second, corresponding
to the fastest distance measurement so far demonstrated."



This demonstration was enabled by a new type of chip-scale light source developed at EPFL,
generating optical frequency combs. The combs are generated in optical microresonators, tiny
circular structures, which are fed by continuous-wave light from a laser source. Mediated by
nonlinear optical processes, the laser light is converted into stable optical pulses — dissipative Kerr
solitons — forming regular a pulse train that features a broadband optical spectrum. The concept

crucially relies on high-quality silicon nitride microresonsators with ultra-low losses, which were
produced at EPFL's Centre of MicroNanotechnology (CMi). "We have developed low-loss optical
resonators, in which extremely high optical intensities can be generated — a prerequisite for soliton
frequency combs," says Professor Tobias Kippenberg of EPFL, "These so-called Kerr frequency
combs have rapidly found their way into new applications over the previous years. "

In their demonstrations, the researchers combined findings from different areas. "In the past years,
we have extensively studied methods for ultra-fast communications using chip-scale frequency
comb sources," Christian Koos of KIT explains. "We now transfer these results to another research
area — optical distance measurements." In 2017, the two teams already published a joint article in
Nature, reporting on the potential of chip-scale soliton comb sources in optical
telecommunications. In principle, optical frequency combs consist of light with a multitude of
precisely defined wavelengths — the optical spectrum then resembles the teeth of a comb. If the
structure of such a comb is known, the inference pattern resulting from superposition of a second
frequency comb can be used to determine the distance traveled by the light. The more broadband

the frequency combs, the higher is the measurement accuracy. In their experiments, the
researchers used two optical microchips to generate a pair of nearly identical frequency combs.

The scientists consider their experiment to be a first demonstration of the measurement technique.
Although the demonstrated combination of precision and speed in the ranging experiment is an
important milestone in itself, the researchers aim at carrying the work further and at eliminating
the remaining obstacles towards technical application. For instance, the range of the method is still
limited to typical distances of less than 1 m. Moreover, today's standard processors do not permit
real-time evaluation of the large amount of data generated by the measurement. Future activities
will focus on a compact design, enabling highly precise ranging while fitting into the volume of a
matchbox. The silicon-nitride microresonators are already commercially available by EPFL's spinoff
LIGENTEC SA that has specialized on fabrication of silicon nitride-based photonic integrated circuits
(PIC).

The envisaged sensors might serve a wide variety of applications, e.g., for high-throughput in-line
control of high-precision mechanical parts in digital factories, replacing state-of-the-art inspection
of a small subset of samples by laborious distance metrology. Moreover, the LIDAR concept might
pave the path towards high-performance 3-D cameras in microchip format, which may find
widespread applications in autonomous navigation. [33]
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Researchers turn light upside down

Researchers from CIC nanoGUNE (San Sebastian, Spain) and collaborators have reported

in Science the development of a so-called hyperbolic metasurface on which light propagates with
completely reshaped wafefronts. This scientific achievement toward more precise control and
monitoring of light is highly interesting for miniaturizing optical devices for sensing and signal
processing.

Optical waves propagating away from a point source typically exhibit circular (convex) wavefronts.
"Like waves on a water surface when a stone is dropped," says Peining Li, EU Marie Sklodowska-
Curie fellow at nanoGUNE and first author of the paper. The reason for this circular propagation is
that the medium through which light travels is typically homogeneous and isotropic, i.e., uniformin
all directions.

Scientists had theoretically predicted that specifically structured surfaces can turn the wavefronts
of light upside-down when it propagates along them. "On such surfaces, called hyberbolic
metasurfaces, the waves emitted from a point source propagate only in certain directions, and with
open (concave) wavefronts," explains Javier Alfaro, Ph.D. student at nanoGUNE and co-author of
the paper. These unusual waves are called hyperbolic surface polaritons. Because they propagate
only in certain directions, and with wavelengths that are much smaller than that of light in free
space or standard waveguides, they could help to miniaturize optical devices for sensing

and signal processing.

Now, the researchers have developed such a metasurface for infrared light. It is based on boron
nitride, a graphene-like 2-D material, which was selected because of its ability to manipulate
infrared light on extremely small length scales. This has applications in miniaturized chemical
sensors or for heat management in nanoscale optoelectronic devices. The researchers directly
observed the concave wavefronts with a special optical microscope.

Hyperbolic metasurfaces are challenging to fabricate, because an extremely precise structuring on
the nanometer scale is required. Irene Dolado, Ph.D. student at nanoGUNE, and Saiil Vélez, former
postdoctoral researcher at nanoGUNE (now at ETH Zirich) mastered this challenge using electron
beam lithography and etching of thin flakes of high-quality boron nitride provided by Kansas State
University. "After several optimization steps, we achieved the required precision and obtained
grating structures with gap sizes as small as 25 nm," Dolado says. "The same fabrication methods
can also be applied to other materials, which could pave the way to realize artificial metasurface
structures with custom-made optical properties," adds Salil Vélez.

To see how the waves propagate along the metasurface, the researchers used a state-of the-art
infrared nanoimaging technique that was pioneered by the nanoptics group at nanoGUNE. They
first placed an infrared gold nanorod onto the metasurface. "It plays the role of a stone dropped
into water," says Peining Li. The nanorod concentrates incident infrared light into a tiny spot, which
launches waves that then propagate along the metasurface. With the help of a so-called scattering-
type scanning near-field microscope (s-SNOM) the researchers imaged the waves. "It was amazing
to see the images. They indeed showed the concave curvature of the wavefronts that were
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propagating away form the gold nanorod, exactly as predicted by theory," says Rainer Hillenbrand,
Ikerbasque Professor at nanoGUNE, who led the work.

The results promise nanostructured 2-D materials to become a novel platform for hyberbolic
metasurface devices and circuits, and further demonstrate how near-field microscopy can be
applied to unveil exotic optical phenomena in anisotropic materials and for verifying

new metasurface design principles. [32]

New form of light: Newly observed optical state could enable quantum

computing with photons

Try a quick experiment: Take two flashlights into a dark room and shine them so that their light
beams cross. Notice anything peculiar? The rather anticlimactic answer is, probably not. That's
because the individual photons that make up light do not interact. Instead, they simply pass each
other by, like indifferent spirits in the night.

But what if light particles could be made to interact, attracting and repelling each other like atoms
in ordinary matter? One tantalizing, albeit sci-fi possibility: light sabers - beams of light that can pull
and push on each other, making for dazzling, epic confrontations. Or, in a more likely scenario, two
beams of light could meet and merge into one single, luminous stream.

It may seem like such optical behavior would require bending the rules of physics, but in fact,
scientists at MIT, Harvard University, and elsewhere have now demonstrated that photons can
indeed be made to interact - an accomplishment that could open a path toward using photons in
guantum computing, if not in light sabers.

In a paper published today in the journal Science, the team, led by Vladan Vuletic, the Lester Wolfe
Professor of Physics at MIT, and Professor Mikhail Lukin from Harvard University, reports that it has
observed groups of three photons interacting and, in effect, sticking together to form a completely
new kind of photonic matter.

In controlled experiments, the researchers found that when they shone a very weak laser beam
through a dense cloud of ultracold rubidium atoms, rather than exiting the cloud as single,
randomly spaced photons, the photons bound together in pairs or triplets, suggesting some kind of
interaction - in this case, attraction - taking place among them.

While photons normally have no mass and travel at 300,000 kilometers per second (the speed of
light), the researchers found that the bound photons actually acquired a fraction of an electron's
mass. These newly weighed-down light particles were also relatively sluggish, traveling about
100,000 times slower than normal noninteracting photons.

Vuletic says the results demonstrate that photons can indeed attract, or entangle each other. If
they can be made to interact in other ways, photons may be harnessed to perform extremely fast,
incredibly complex quantum computations.

"The interaction of individual photons has been a very long dream for decades," Vuletic says.
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Vuletic's co-authors include Qi-Yung Liang, Sergio Cantu, and Travis Nicholson from MIT, Lukin and
Aditya Venkatramani of Harvard, Michael Gullans and Alexey Gorshkov of the University of
Maryland, Jeff Thompson from Princeton University, and Cheng Ching of the University of Chicago.

Biggering and biggering

Vuletic and Lukin lead the MIT-Harvard Center for Ultracold Atoms, and together they have been
looking for ways, both theoretical and experimental, to encourage interactions between photons.
In 2013, the effort paid off, as the team observed pairs of photons interacting and binding together
for the first time, creating an entirely new state of matter.

In their new work, the researchers wondered whether interactions could take place between not
only two photons, but more.

"For example, you can combine oxygen molecules to form 02 and O3 (ozone), but not 04, and for
some molecules you can't form even a three-particle molecule," Vuletic says. "So it was an open
guestion: Can you add more photons to 