Saving Energy Inside Transistors

Researchers at FriedrictlexanderUniversitat ErlangenNirnberg (FAU) have developed a
simple yet-accurate:method for finding-defects:in-thedatest generation of silicon carbide
transistors.[34]

In 2017,/ University of Utah physicist/\Valy Vardeny called perovskite a'miracle-material’ for an
emerging field of nexgeneration eletronics, called spintronics; and-he's standing by that
assertion./[33]

Scientists at/ Tokyorinstitute jof Technology: proposed new ¢uabi materials for potential
spintronic applications, an:upcoming-technology that exploits-the:spin of electrons. [32]

They do this by using-"excitorilectrically neutral quasiparticles that existin.insulators,
semiconductors;andin.some;liquid81]

Researchersat ETH Zurich:have now develd@a method that:makes it.possible to.couple such a
spin qubit strongly:to-microwave photon§30]

Quantum:dots that-emit entangled /photon paimh demand could beused in quantum
communication networks[29]

Researchers successfully integrated the:systerdsnor atoms-and,quantum/ dots.’ [28]

A team.of reearchers including 'U of Arengineeringand physics faculty has/developed a new
method of detecting single/photans; or light particles; using: quantum:di@g)

Recent research from Kumamoto:University inodapan has révealed that polyoxometalates
(POMSs), typically:used for catalysis; electrochemistry, and:photochemistry, may also beused in a
technique /for.analyzing,quantum dot (QD) photoluminescer{fd ) emission:mechanismi26]

Researchers have designed anew:type:oflaser called.arquantum dot ring:laser that emits
red, orange;;and greelight. [25]

The world of nanosensors may be physically small, but the demand is large and growing,
with little sign of slowing. [24]

In a joint research project, scientists from the Max Born Institute for

Nonlinear Optics and Short Pulse Spectroscopy (MBI), the Technische Universitat Berlin
(TU) and the University of Rostock have managed for the first time to image free
nanoparticles n a laboratory experiment using a highintensity laser source. [23]



For the first time, researchers have built a nanolagbat uses only a single molecular
layer, placed on a thin silicon beam, which operates at room temperature. [22]

A team of engineers at Caltech has discovered how to use comphiprmanufacturing
technologies to create the kind of reflective materidlsat make safety vests, running
shoes, and road signs appear shiny in the dark. [21]

In the September 23th issue of the Physical Review Letters, Prof. Julien Laurat and his
team at Pierre and Marie Curie University in Paris (Laboratoire Kastler Brod4€B)
report that they have realized an efficient mirror consisting of only 2000 atoms. [20]

Physicists at MIT have now cooled a gas of potassium atoms to several nanokejusis
a hair above absolute zero and trapped the atoms within a twalimensional sheteof

an optical lattice created by crisscrossing lasers. Using a kigbolution microscope, the
researchers took images of the cooled atoms residing in the lattice. [19]
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to a record low. [18]
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rotate like an electron around a magnetic field. [17]

Physicists from Trinity College Dublin's School of Physics and the CRANN Institute,

Trinity College, have discovered a new form of light, which will impact our
understanding of the fundamental nature of light. [16]

Light from an optical fiber illuminateshe metasurface, is scattered in four different
directions, and the intensities are measured by the four detectors. From this
measurement the state of polarization of light is detected. [15] Converting a single
photon from one color, or frequency, to an@his an essential tool in quantum
communication, which harnesses the subtle correlations between the subatomic
properties of photons (particles of light) to securely store and transmit information.
Scientists at the National Institute of Standards and Teology (NIST) have now
developed a miniaturized version of a frequency converter, using technology similar to
that used to make computer chips. [14]

Harnessing the power of the sun and creating ligh#rvesting or lightsensing devices
requires a materid that both absorbs light efficiently and converts the energy to highly
mobile electrical current. Finding the ideal mix of properties in a single material is a
challenge, so scientists have been experimenting with ways to combine different
materials to create "hybrids" with enhanced features. [13]

Condensednatter physicists often turn to particldike entities called quasiparticles
such as excitons, plasmons, magnerne explain complex phenomena. Now Gil Refael
from the California Institute of Technology Pasadena and colleagues report the
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half-matter quasiparticle that has special topological properties and might be used in
devices to transport light in one dire@in. [12]

Solitons are localized wave disturbances that propagate without changing shape, a
result of a nonlinear interaction that compensates for wave packet dispersion. Individual
solitons may collide, but a defining feature is that they pass througle another and
emerge from the collision unaltered in shape, amplitude, or velocity, but with a new
trajectory reflecting a discontinuous jump.

Working with colleagues at the HarvardMIT Center for Ultracold Atoms, a group led by
Harvard Professor of Physs Mikhail Lukin and MIT Professor of Physics Vladan Vuletic
have managed to coax photons into binding together to form molecglesstate of

matter that, until recently, had been purely theoretical. The work is described in a
September 25 paper in Nature

New ideas for interactions and particles: This paper examines the possibility to origin the
Spontaneously Broken Symmetries from the Planck Distribution Law. This way we get a
Unification of the Strong, Electromagnetic, and Weak Interactions from thieiference
occurrences of oscillators. Understanding that the relativistic mass change is the result
of the magnetic induction we arrive to the conclusion that the Gravitational Force is also
based on the electromagnetic forces, getting a Unified ReldiwviQuantum Theory of all

4 Interactions.
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Saving energy by taking a close look inside transistors

Researchers at FriedrighlexanderUniversitat Erlangeiirnberg (FAU) have developed a simple yet
accurate method for finding defects in the latest generation of silicon carbide transistors. This will speed up
the process of developing more energfficient transistors in future. They have now published their

findings inCommunications Physics

Boosting the efficiency of poweiectronic devices is one way to save energy in our highly technological
world. It is these components that feed power from photovoltaic or wind power stations into the grid. At
the same time, however, these components should ideally use as little electricity as possible. Otherwise,
excess hear results, and additional complegling systems are required, wasting energy as a result.

This is where components made of silicon, the standard semiconductor material, reach their limits on the
basis of their intrinsic material properties. There is, however, a much more suitable akexrglicon

carbide, or SiC for short, a compound made of silicon and carbon. It withstands high voltages, works even at
high temperatures, is chemically robust and is able to work at high switching frequencies, which enables
even better energy efficiencysiC components have been used very successfully for several years now.

Power electronic switches made gficon carbide, known as fieleeffect transistors, or MOSFETS for short,
work on the basis dhe interface between the SiC and a very thin layer of silicon oxide that is deposited or
grown on it. This interface, however, poses a significant challenge for researchers: During fabrication,
undesired defects are created at the interface that traprgeacarriers and reduce the electrical current in

the device. Research into these defects is therefore of paramount importance if we are to make full use of
the potential offered by the material.

Pattern discovered

Conventional measurement techniques, whitave usually been developed witlicon MOSFET devices in
mind, simply ignore the existence of such defects. While there are other measurement techniques
available, they are more complex and tirmensumingand are either unsuitable for use on a large scale or
are simply not suitable for use on finished components. So researchers at the Chair of Applied Physics at
FAU sought new, improved methods for investigating interface defeaisl they were successful.

They noticed that the interface defects always follow the same pattern. "We translated this pattern into
amathematical formula," explains doctoral candidate Martin Hauck. "Using the formula gisesclever

way of taking interface defects into account in our calculations. This doesn't only give us very precise values
for typical device parameters like electron mobility or threshold voltage, it also lets us determine the
distribution and density binterface defects almost on the side."

In experiments conducted using transistors specially designed for the purpose by the researchers' industrial
partners Infineon Technologies Austria AG and its sudrgitiompetenzzentrum fir Automob&
IndustrieElektronik GmbH, the method also proved to be highly accurate. Taking a close look at the inner
core of thefield-effect transistors allows for improved and shorter innovation cycles. Using this method,
processes aimed at reducing defects can be evaluated accurately, quickly and simply, and work at
developing new, more energsaving power electronics can be alerated accordingly[34]
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Spintronics 'miracle material' put to the test

When German mineralogist Gustav Rose stood on the slopes of Russidviouingiins in 1839 and picked

up a piece of a previously undiscovered mineral, he had never heard of transistors or diodes or had any
concept of how conventional electronics would become an integral part of our daily lives. He couldn't have
anticipated thatthe rock he held in his hand, which he named "perovskite," could be a key to
revolutionizing electronics as we know them.

In 2017, University of Utah physicist Valy Vardeny called perovskite a "miracle material” for an emerging
field of nextgeneration etctronics, called spintronics, and he's standing by that assertion. In a paper
published today ilNature Communicationd/ardeny, along with Jingying Wang, Dali Sun (now at North
Carolina State University) and colleagues present two devices built usiogsgite to demonstrate the
material's potential irspintronic systems. Its properties, Vardeny says, bring the dream of a spintronic
transistor one step closer to reality.

Spintronics

A conventional digitatlectronic system conveys a binary signal (think 1s and 0s) through pulses of electrons
carried through a conductive wire. Spintronics can convey additional information via another characteristic
of electrons, their spin direction (think up or down). Siginmelated to magnetism. So spintronics uses
magnetism to align electrons of a certain spin, or "inject” spin into a system.

If you've ever done the old science experiment of turning a nail into a magnet by repeatedly dragging a
magnet along its lengthhen you've already dabbled in spintronics. The magnet transfers information to
the nail. The trick is then transporting and manipulating that information, which requires devices
andmaterials with finely tured properties. Researchers are working toward the milestone of a spin
transistor, a spintronics version of the electronic components found in practically all modern electronics.
Such a device requiressamiconductor material in which a magnetic field can easily manipulate the
direction of electrons' spin a property called sphorbit coupling. It's not easy to build such a transistor,
Wang says. "We keep searching for new materials to see ifréhmore suitable for this purpose.”

Here's where perovskites come into play.

Perovskites

Perovskites are a class of mineral with a particular atomic structure. Their value as a technological material
has only became apparent in the past 10 years. Becalutbait atomic structure, researchers have been
developing perovskite into a material for making solar panels. By 2018 they'd achieved an efficiency of up
to 23 percent ofolar energy converted to electical energy a big step up from 3.8 percent in 2009.

In the meantime, Vardeny and his colleagues were exploring the possibilities of spintronics and the various
materials that could prove effective in transmitting spin. Because of heavy lead atoms inkierovs

physicists predicted that the mineral may possess strongafliit coupling. In 2017 paper, Vardeny and
physics assistant professor Sarah Li showed that a class of perovskitéoagdleicinorganic hybrid

perovskites do indeed possess large spibit coupling. Also, the lifetime of spin injected into the hybrid
materials lasted a relatively long time. Both results suggested that this kind of hybrid perovskite held
promise as a sptronics material.


https://phys.org/tags/spintronic/
https://phys.org/tags/materials/
https://phys.org/tags/semiconductor+material/
https://phys.org/tags/solar+energy/
https://unews.utah.edu/a-new-spin-on-electronics/

Two spintronic devices

The next step, which Vardeny and Wang accomplished in their recent work, was to incorporate hybrid
perovskite into spintronic devices. The first device is a spintronicdigtitting diode, or LED. The
semiconduadr in a traditional LED contains electrons and holpkaces in atoms where electrons should
be, but aren't. When electrons flow through the diode, they fill the holes and emit light.

Wang says that a spintronic LED works much the same way, but with aticagjeetrode, and with

electron holes polarized to accommodate electrons of a certain Spie. LED lit up with circularly polarized
electroluminescence, Wang says, showing that the magnetic electrode successfully transferred spin
polarized electrons imt the material.

"It's not selfevident that if you put a semiconductor and a ferromagnet together you get a spin injection,"”
Vardeny adds. "You have to prove it. And they proved it."

The second device is a spin valve. Similar devices already exateamskd in devices such as computer
hard drives. In a spin valve, an extermealgnetic field flips the polarity of magnetic materials in the valve
between an open, lowesistance state and a closedghiresistance state.

Wang and Vardeny's spin valve does more. With hybrid perovskite as the device material, the researchers
can inject spin into the device and then cause the spin to precess, or wobble, within the device using
magnetic manipulation.

Thats a big deal, the researchers say. "You can develop spintronics that are not only useful for recording
information and data storage, but also calculation,” Wang says. "That was an initial goal for the people who
started the field of spintronics, and that¢hat we are still working on."

Taken together, these experiments show that perovskite works as a spintronic semiconductor. The ultimate
goal of a spirbased transistor is still several steps away, but this study lays important groundwork for the
path aheal.

"What we've done is to prove that what people thought was possible pétiovskite actually happens,”
Vardeny says. "That's a big stef33]

Electronics of the future: A new energy -efficient mechanism using the

Rashba effect

Scientists at Tokyo Institute of Technology proposed new efitBsmaterials for potential spintronic
applications, an upcoming technology that exploits the spin of electimesy performed simulations to
demonstrate the spin progrties of these materials and explained the mechanisms behind their behavior.

Conventional electronics is based on the movement of electrons and mainly concerredebgic charge.
However,modern electronics are close to reaching the physical limits for continuing improvements. But
electrons bear another intrinsic quantuphysical property called "spin," which can be interpreted as a type
of angular momentum and can be either "up” or "dowWhile conventional electronic devices do not

relate to electron spin, spintronics is a field in which the spin of the conducting electrons is crucial. Serious
improvements in performance and new applications can be attained through spin currents.
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Researchrs are still trying to find convenient ways of generating spin currents via material structures that
possess electrons with desirable spin properties. The RaBiiblakov effect (or simply Rashba effect),

which involves breaking the symmetry of spip andspindown electrons, could potentially be exploited

for this purpose. Associate Professor Yoshihiro Gohda from Tokyo Institute of Technology and his colleague
have proposed a new mechanism to generate a spin current witbioeitgy loss from a series of

simulations for new bismutladsorbed indiurrbased quasl-D materials that exhibit a giant Rashba effect.

"Our mechanism is suitable fepintronic applications, having the advantage that it does not require
anexternal magnetic field to generate nondissipative spin current,” explains Gohda. Thisrddge would
simplify potential spintronic devices and would allow for further miniaturization.

The researchers conducted simulations based on these materials to demonstrate that their Rashba effect
can be large and only requires applying a certain voltaggeneratespin currents. By comparing the

Rashba properties of multiple variations of these materials, they provided explanations for the observed
differences in the materials' spin properties anduddg for further materials exploration.

This type of research is very important as radically new technologies are required if we intend to further
improve electronic devices and go beyond their current physical limits. "Our study should be important for
energy-efficient spintronic applications and stimulating further exploration of differeit Rashba

systems," concludes Gohda. From faster memories to quantum computers, the benefits of better
understanding and exploiting Rashba systems will certainly @agemous implicationg32]

Physicists practice 'spin control' to improve information processing

Currently, informatiorprocessing tools like computers and cell phones rely on electron charge to operate.

A team of UC San Diego physicists, however, sdkaative systems of faster, more energfficient

signal processing. They do this by using "excitons," electrically neutral quasiparticles that exist in insulators,
semiconductors and in some liquids. And their latest study of excitonic spin dynamics fsimetional

promise for our future devices.

In their research, Professor Leonid Butov and recent physics Ph.D. graduate Jason Leonard, applied indirect
excitons (1Xg) specially designed quasiparticles in a layered semiconductor stracinrBoseEinstein

condensate form. With this condensate of IXs, the scientists discovered that the IXgIspirnce was

conserved when they traveled over long distance, proving hopeful for more eeéfigient signal

processing in the future. The study's results also presented a way to achievealugeyspin coherenae

necessary for efficient and speedy circuits using spin transfer. Their findings were published recently

in Nature Communications

"We measured the excitophase acquired due to coherent spin precession and observeertoyg
coherent spin transport in 1X condensate," explained Butov. "ltange spin transport can be explored for
the development of new signal processing based on spins."

Using a specially afted optical dilution refrigerator set at a very low temperatur8.1 Kelvin or 459.50 F
below zera Butov and his team transformed the IX gas to a condensate by the frigid temperature to
achieve spin coherence at the range of 10 micrometers, a range cimedoche development of high
functioning devices exploring spin transfer.
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Optical dilution refrigerator for lowtemperature experiments at UC San Diego. Credit: Michelle Fredricks

"We started the project trying to explain a quantum phase shift and dngewith a practical observation
of spin transport,” noted Leonard.

While this experiment demonstrated one of the capabilities of IX spin coherence at cryogenic temperatures,
Butov's previous study showed that IXs can exist in semiconductors attepoperaturet an important
step toward practical applicatiofi31]

A spin trio for strong coupling

To make qubits for quantum computers less susceptible to noise, the spin of an electron or some other
particle is preferentially used. Researchers at ETH Zurich have now developed a method that makes it
possible to couple such a spin qubit strongly to microwave photons.

Quantum computers useuantum bits or "qubits" to do their calculationg quantum states, that is, of
atoms or electrons that can take on the logical values "0" and "1" at the same time. In order to wire up
many such qubits to make a powerful quantum computer, one needs to couple them to demtooer
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distances of millimetres or even several metres. One way of achieving this is by exploiting the charge
displacement caused by an electromagnetic wave, which is the working principle of an antenna. Such a
coupling, however, also exposes thebit to disturbances due to unwanted electric fields, which severely
limits the quality of the logical qubit operations.

A team of scientists working in several research groups at ETH Zurich, assisted by thebneticatp at
Sherbrooke University in Canada, have now demonstrated how this problem can be avoided. To do so, they
found a way to couple a microwave photon to a spin qubit in a quantum dot.

Qubits with charge or spin

In guantum dots, electrons are first trapped in semiconductor structures measuring just a few nanometres
that are cooled to less than one degree above the absolute zero of the temperature scale. The logical values
0 and 1 can now be realizéatwo different ways. One either defines a qubit in terms of the position of the
electron on the right or left side of a double quantum dot, or else by the spin of the electron, which can

point up or down.

The first case is called a charge qubit, whichpbes strongly to electromagnetic waves through the
displacement of electric charge. A spin qubit, on the other hand, can be visualized as a tiny compass needle
that points up or down. Much like a compass needle, a spin is also magnetic and, therefaraptiosuple

to electric but rather to magnetic fields. The coupling of a spin qubit to the magnetic part of

electromagnetic waves, however, is much weaker than that of a charge qubit to the electric part.

Three spins for stronger coupling

This means thabn the one hand, a spin qubit is less susceptible to noise and keeps its coherence (on which
the action of a quantum computer is based) for a longer period of time. On the other hand, it is

considerably more difficult to couple spin qubits to each othezrdong distances using photons. The

research group of ETH professor Klaus Ensslin uses a trick to make such a coupling possible nevertheless, as
the postdoc Jonne Koski explains: "By realising the qubit with not just a single spin, but rather three of

them, we can combine the advantages of a spin qubit with those of a charge qubit.”

In practice, this is done by producing three qguantum dots on a semiconductor chip that are close to each
other and can be controlled by voltages that are applied throughwimgs. In each of the quantum dots,
electrons with spins pointing up or down can be trapped. Additionally, one of the wires connects the spin
trio to a microwave resonator. The voltages at the quantum dots are now adjusted in order to have a single
electron in each quantum dot, with the spins of two of the electrons pointing in the same direction and the
third spin pointing in the opposite direction.

Charge displacement through tunnelling

According to the rules of quantum mechanics, the electrons cantatseel back and forth between the
guantum dots with a certain probability. This means that two of the three electrons can temporarily
happen to be in the same quantum dot, with one quantum dot remaining empty. In this constellation the
electric charge isaw unevenly distributed. This charge displacement, in turn, gives rise to an electric dipole
that can couple strongly to the electric field of a microwave photon.

The scientists at ETH were able to clearly detect the strong coupling by measuring thencesivaguency
of the microwave resonator. They observed how the resonance of the resonator split into two because of
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the coupling to the spin trio. From that data they could infer that the coherence of the spin qubit remained
intact for more than 10 nanosends.

Spin trios for a quantum bus

The researchers are confident that it will soon be possible to realize a communication channel for quantum
information between two spin qubits using this technology. "This will require us to put spin trios on either
end of the microwave resonator and to show that the qubits are then coupled to each other through a
microwave photon", says Andreas Landig, first author of the article and Ph.D. student in Ensslin's group.
This would be an important step towards a network patally distributed spin qubits. The researchers also
emphasize that their method is very versatile and can straightforwardly be applied to other materials such
as grapheng30]

Synopsis: Quantum Dots Serve Entangled Photons on Demand
Quantum dots tlat emit entangled photon pairs on demand could be used in quantum communication
networks.

D. Huber and C. Schimpf/Johannes Kepler University

Quantum communication and computing protocols require sources of photons whose quantum states are
highlycorrelaS REX 2 NJ aSy Gt y3aft SRdé {2dz2NOSa 2F LIK2G2y LI ANA
but they cannot emit such photons on demand. Now, Daniel Huber at Johannes Kepler University, Austria,
and colleagues have demonstrated a source eflemand entan@ed photon pairs based on nanostructures

of semiconducting material known as quantum dots.

Stateof-the-art entangled photon sources are based on a process called parametricaowaersion,

which converts an input photon into a pair of entangled photdsch sources, however, emit entangled

photons at random times. In contrast, quantum dots can produce entangled photon pairs on demand. But
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states. A partiularly detrimental decoherence mechanism is due to an effect known astiineture
splitting, which spoils the entanglement by scrambling the relative phase of the two emitted photons.

Huberet al. solved this problem with a piezoelectric device thatdpplying strain to a GaAs quantum dot,
modifies the symmetry of the potential that confines the electrons and holes within the dot, thereby
erasing the finestructure splitting. In experiments, the team found a level of entanglement between
emitted photans that was 10% higher than the best quantdt sources previously reported and almost
on par with that of parametriconversion sources. These new sources, which are encased in micremeter
thin membranes, could easily be incorporated in integrated phat@ivicuits.

This research is publishedRinysical Review Letters . [29]

Scientists demonstrate coherent coupling between a quantum dot and a

donor atom in silicon

Quantum computers could tackle problems that current supercomputers can't. Quantum computers rely on
guantum bits, or "qubits.” Current computers perform milliorfscalculations, one after the other. Qubit
coupling allows quantum computers to perform them all at the same time. Qubits could store the data that
add up to bank accounts and medical records. In an unusual twist, qubits represent data by the binary state
of electron spins. Two systems existed to create qubits. Researchers successfully integrated tha systems
donor atoms and quantum dots. The new qubits don't let the spins, and hence the data, degrade.
Specifically, the bits demonstrate coherent couplinghef electron spins. This hybrid approach, which has
remained elusive until now, exploits the advantages of the two qubit systems.

For almost two decades, scientists have created theoretical proposals of such aduiritionor qubit)
architecture. Now, researchers have made an important step toward the practical realization of silicon
qubits. Silicon matters. Why? It is the same material used today in our personplters. The
manufacturing process for qubits could fit within today's manufacturing and computing technologies.

Qubits form the basis @fuantum computation. Building a practical quantum computer demands two
important features: the maintenance of coherent quantum states and the assembly of qubits. Coherence
can be thought of as an ideal property of the interacting wavefunctions that describe particles. Silicon is an
appealing qubit material as it provides anvironment that minimizes quantum decoherence. Additionally,
there is already infrastructure in place for building silicon devices. However, the second critical
requirement assembling the qubitshas proven immensely challenging. Donor atoms must be endzbdd

in silicon in such a way that their interactions can be controlled. Achieving this demands extreme precision.

A collaboration between scientists from Canada, Sandia National Laboratories, and the Center for
Integrated Nanotechnologies has uncovered #araative to this donor coupling arrangemeanby using
guantum dots (QDs). In a cornerstone advance, the researchers demonstrated coherent coupling of the
electron from a phosphorus donor atom and an electron of a mexade semiconductor QD. This apprbac
is advantageous. It does not require the extreme degree of placement accuracy as donor coupling. The
electronic states of this system are controlled by the nuclear spin of the donor atom, providing a simple
integrated method for interacting with the qubiThus, there is no need to use additional micromagnets or
QDs[28]
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Quantum dots enable faster, easier photon detection, more secure data
A team of researchers including U of A engineering and physics faculty has developed a new method of
detecting sngle photons, or light particles, using quantum dots.

Single photon detection is a key element to enable usguahtum information, a method of
transferringinformation that is much faster and more secure than current methods. This technology has
other applications as well, including biological and medical imaging, spectroscopy, and astronomical
observation.

ShuiQing "Fisher" Yu, associate profesef electrical engineering; Greg Salamo, distinguished professor of
physics; and Yang Zhang, a pdattoral fellow inelectrical engineering at the time, worked with

colleagues from Dartmoutand the University of Wisconsin on this research, which was recently published
by ACS Photonics

Quantum information uses differemfuantum states of particles, such as polarization or phase, to encode
information. Because quantum information is not limited to the ones and zeroes used to encode digital
information, this technology can transfer a large amount of information very securely.

Since quantum information can be transmitted using an infinite varieuahtum states, the sender and
receiver must both agree on which state they are using to encode and interpret the data. An outsider
intercepting the signal would have little way of reading it without this knowledge.

A photon is a quantum of light. Wherpaoton enters a detector in a quantum information system, its

energy is transferred to an electron and this results in a current or a voltage. This effect is so small, though,
that it is difficult to detect. Other designs fphoton detectors solve this problem by using a device called

an avalanche photodiode to amplify the current or voltage, but this approach tends to add delays to the
detection and increases background noise.

The new approach createand modeled by these researchers uses a quantum dot, which is a
semiconductor nanoscale particle, to detect single photons. Compared to other methods, the change in
voltage caused by a single photon in this detector is large, with a low backgroundaveise

Yu compared this to adding a drop of water to a container. "If you put one drop of water in a large tank,
that change is hard to see," he said. "But if you put a drop of water into a very small container, you can see
the change more easily." In thiesearchers' design, the electron is in a small contairtee quantum dot.

The researchers have used computer models to demonstrate that their design can glatget
photons more accurately than existing technologi¢27]
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Assessing quantum dot photoemissions

Recent research from Kumamoto University in Japan has revealed that polyoxometalates (POMSs), typically
used for catalysis, electrochemistry, and photochemistry, may aagsbd in a technique for analyzing
guantum dot (QD) photoluminescence (PL) emission mechanisms.

Quantum dots (QDs) are small, semiconducting nanocrystals or particles typically between two to ten
nanometers in size. Discovered almost 40 years ago, ttieimgphotoluminescent properties are a
function of their size and shape making them useful for optical applications ranging from bioimaligig to
emitting diodes. Advances in highuality QDresearch in the last ten years has produced highly
luminescent but somewhat unstable QDs that also, unfortunately, use toxic or rare elements. Efforts to
create stable QDs without these toxic or expensive elements has been a driving force in recenthresearc

To address these issues, researchers have been investigating how to change the size, morphology, and PL of
tin dioxide (Sng) to produce cheap, stable, and nontoxic colloidal semiconductor nanocrystals for various
applicationsinterestingly, the optical properties of Spave been found to be effected by defects in both

the bulk material and the QDs themselves.

Researchers from Professor Kida's Chemical Engineering Laboratory at Kumamoto University synthesized
SnQ QDs using Aquid phase method to produce QDs of various morphologies. The sizes of the QDs were
controlled by changing the temperature during synthesis. All of the QDs produced a blue PL when exposed
to UV light (370 nm) and QDs 2 nm in size produced the best ityefie examine the PL properties and
mechanisms related to defects in the synthesized QDs, the researchers used materials (POMs) that quench
florescence through excited state reactions.

POMs quenched emissions of the SADs at peak intensities (401, 42thd 464 nm) but, to the surprise
of the researchers, a previously unseen peak at 410 nm was revealed.

"We believe that theemission at 410 nm is caused by a bulk defect, which cannot be covered by POMs,
that causes what is known as radiative recombinatidhe spontaneous emission of a photon with a
wavelength related to the released energy,"” said project leader Professor Tetsuya Kida. "This work has
shown that our technique is effective in analyzing PL earismechanisms for QDs. We believe it will be
highly beneficial for future QD researci6]

Quantum dot ring lasers emit colored light

Researchers have designed a new type of laser called a quantum dot ring laser that emits red, orange, and
green lidnt. The different colors are emitted from different parts of the quantumtdatd from the core,

green from the shell, and orange from a combination of lwoimd can be easily switched by controlling the
competition between light emission from the core artshell.
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The researchers, Boris le Feber, Ferry Prins, Eva De Leo, Freddy T. Rabouw, and David J. Norris, at ETH
Zurich, Switzerland, have published a paper on the new lasers in a recent idéaodtf etters

The work demonstrates the interesting effetisit are possible with lasers based on quantum dots, which
are nanosized crystal spheres made of semiconducting materials. In these lasers, the quantum dots are
often coated with shells of a different material. When illuminated, the shells not only gnitdf their

own, but they also channel photoexcited carriers (excitons) to the cores of the quantum dots, which
enhances théaser's core lightemission.

In order to make quantum dot lasers that can switch between emitting light from only the cores or only the
shells, the researchers designed a special lezeity, which is the central part of the laser responsible for
confining and reflecting light until it becomes highly coherent. Although quantum dot lasers have been
widely researched, the effect of the laser cavity on quantum dot laser performanceskaddrgely

unexplored until now.

In the new study, the scientists fabricated highality laser cavities made of arrays of highly structured
guantum dot rings. The resulting lasers exhibit very high cavity quality facédnsost an order of
magnitude higler than those of typical quantum dot lasers, which usually have random cavities.

"We were able to demonstrate a simple fabrication approach that led to-gigtlity ring cavities that

allowed us to explore this ‘color switching' behavior iquantum dot laser," Norris, Professor of Materials
Engineering at ETH Zurich, téltlys.org"In poorquality cavities it is unlikely that we would have been able
to observe this effect."

The researchers demonated that, at low powers, the new lasers emit red light from their cores, whereas

at higher powers, they emit green light from the shells. At intermediate powerdjghecomes from both

the core and shell, ahso appears orange. As the researchers explain, it's possible to completely stifle core
emission because the core emission takes place on a picosecond timescale, while shell emission occurs on a
subpicosecond timescale and so can greatly outpace coresemjsas long as the laser power is sufficiently

high.

In the future, the unique properties of thguantum dot ring lasers may lead to applications in laser
displays, chemical sensing, and other areas. Buirbahese applications can be realized, the researchers
plan to further improve the laser's performance.

"We demonstrate the 'color switching' effect in this work, but the color change occurs at very high powers,"
Norris said. "Further research is requinedsee if the same effect can occur at more reasonable powers.

This would be useful for applications. Fortunatelyantum dots continue to improve (in terms of their
performance for lasers), and we cammediately apply these improvements to our devices." [25]

Sensing with a twist: A new kind of optical nanosensor uses torque for

signal processing

The world of nanosensors may be physically small, but the demand is large and growing, with little
sign ofslowing. As electronic devices get smaller, their ability to provide precisebabked

sensing of dynamic physical properties such as motion become challenging to develop.
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An international group of researchers have put a literal twist on this challedggaonstrating a

new nanoscale optomechanical resonator that can detect torsional motion at neardtéie-art
sensitivity. Their resonator, into which they couple light, also demonstrates torsional frequency
mixing, a novel ability to impact opticahergies using mechanical motions. They report their work
this week in the journal Applied Physics Letters.

"With developments of nanotechnology, the ability to measure and control torsional motion at the
nanoscale can provide a powerful tool to exploreuna,” said Jianguo Huang from Xi‘an Jiaotong
University in China, one of the work's authors. He is also affiliated with the Nanyang Technological
University and with the Institute of Microelectronics, A*STAR in Singapore. "We present a novel
'beamin-canity' design in which a torsional mechanical resonator is embedded into a racetrack
optical cavity, to demonstrate nanoscale torsional motion sensing."

Light has already been used in somewhat similar ways to detect the mechanical flexing or
"breathing" of nanomaterials, typically requiring complex and sensitive coupling to the light source.
This new approach is novel not only in its detection of nanegoatjues, but also in its integrated
light-coupling design.

Using a silicofbased nanofabrication method, Huang and his team designed the device to allow
light to couple directly via an etched grating to a waveguide configuration, called a racetragk cavi
in which the nanoresonator sits.

"As light is coupled into the racetrack cavity through a grating coupler, mechanical torsional motion
in the cavity alters the propagation of light and changes [the] power of output light," said Huang.
"By detecting tle small variation of output light, the torsional motions can be measured."

Beyond just detecting torques on their micrength lever arms, the resonators can also affect the
resulting optical properties of the incident signal. The torsional frequenttyeahechanical system
mixes with the modulated optical signals.

"The most surprising part is that when we modulate the input light, we can observe the frequency
mixing," Huang said. "It is exciting for frequency mixing since it has only been demonstyated
flexural or breathing modes before. This is the first demonstration of torsional frequency mixing,
which may have implications for exhip RF signal modulation, such as stipeterodyne receivers
using optical mechanical resonators."

This is just thetart for potential uses of torqudvased nanosensors. Theoretically, there are a
number of frequency tricks these devices could play for signal processing and sensing applications.

"We will continue to explore unique characters of this torsional optometasensor and try to
demonstrate novel phenomena, such as inference of dispersive and dissipative optomechanical
coupling hidden behind the sensing," Huang said. "For engineering, magnetic or eleetrically
sensitive materials can be coated on the surfattorsional beams to sense small variations of
physical fields, such as magnetic or electric fields to serve as multifunctional sensors." [24]



First imaging of free nanoparticles in laboratory experiment using a

high -intensity laser source

In a joint research project, scientists from the Max Born Institute for Nonlinear Optics and Short
Pulse Spectroscopy (MBI), the Technische Universitat Berlin (TU) and the University of Rostock
have managed for the first time to image free nanoparticles in a laboraxqgugriment using a
highintensity laser source. Previously, the structural analysis of these extremely small objects via
singleshot diffraction was only possible at lasggmle research facilities using-called XUV and-x

ray free electron lasers. Theiafhbreaking results facilitate the highéfficient characterisation of

the chemical, optical and structural properties of individual nanoparticles and have just been
published in Nature Communications. The lead author of the publication is junior reee®ch
Daniela Rupp who carried out the project at TU Berlin and is now starting a junior research group
at MBI.

In their experiment, the researchers expanded helium gas through a nozzle that is cooled to
extremely low temperature. The helium gas turnsoiat superfluid state and forms a beam of
freely flying miniscule nanodroplets. "We sent uslaort XUV pulses onto these tiny droplets and
captured snapshots of these objects by recording the scattered laser light on aateaeetector
to reconstruct he droplet shape,” explains Dr Daniela Rupp.

"Key to the successful experiment were the higtensity XUV pulses generated in MBI's laser lab
that produce detailed scattering patterns with just one single shot," explains Dr Arnaud Rouzée
from MBI. "By uimg the secalled wideangle mode that provides access to the thidimensional
morphology, we could identify hitherto unobserved shapes of the superfluid droplets,” adds
Professor Thomas Fennel from MBI and the University of Rostock. The research ¢sailtss r
enable a new class of metrology for analysing the structure and optical properties of small
particles. Thanks to statef-the-art laser light sources, making images of the tiniest pieces of
matter is no longer exclusive to the largeale researchatilities. [23]

Single molecular layer and thin silicon beam enable nanolaser

operation at room temperature

For the first time, researchers have built a nanolaser that uses only a single molecular layer, placed
on a thin silicon beam, which operates abm temperature. The new device, developed by a team

of researchers from Arizona State University and Tsinghua University, Beijing, China, could
potentially be used to send information between different points on a single computer chip. The
lasers also malge useful for other sensing applications in a compact, integrated format.

"This is the first demonstration of rootemperature operation of a nanolaser made of the
singlelayer material,” said Catheng Ning, an ASU electrical engineering professor vehiinée
research team. Details of the new laser are published in the July online edition of Nature
Nanotechnology.

In addition to Ning, key authors of the article, "Rotemperature Continuousvave Lasing from
Monolayer Molybdenum Ditelluride Integrated Wwita Silicon Nanobeam Cavity," include Yongzhuo
Li, Jianxing Zhang, Dandan Huang from Tsinghua University.



Ning said pivotal to the new development is use of materials that can be laid down in single layers
and efficiently amplify light (lasing action)n@e layer nanolasers have been developed before,

but they all had to be cooled to low temperatures using a cryogen like liquid nitrogen or liquid
helium. Being able to operate at room temperatures (~77 F) opens up many possibilities for uses of
these newlasers," Ning said.

The joint ASU'singhua research team used a monolayer of molybdenum ditelluride integrated
with a silicon nanobeam cavity for their device. By combining molybdenum ditelluride with silicon,
which is the bedrock in semiconductor manufaing and one of the best waveguide materials,

the researchers were able to achieve lasing action without cooling, Ning said.

A laser needs two key pieces gain medium that produces and amplifies photons, and a cavity
that confines or traps photons. kile such materials choices are easy for large lasers, they become
more difficult at nanometer scales for nanolasers. Nanolasers are smaller than 100th of the
thickness of the human hair and are expected to play important roles in future computer chips and
a variety of light detection and sensing devices.

The choice of twalimensional materials and the silicon waveguide enabled the researchers to
achieve room temperature operation. Excitons in molybdenum telluride emit in a wavelength that

is transparent to silicon, making silicon possible as a waveguickvidy material. Precise

fabrication of the nanobeam cavity with an array of holes etched and the integration ef two
dimensional monolayer materials was also key to the project. Excitons in such monolayer materials
are 100 times stronger than those in a@mtional semiconductors, allowing efficient light emission

at room temperature.

Because silicon is already used in electronics, especially in computer chips, its use in this
application is significant in future applications.

"A laser technology that caalso be made on Silicon has been a dream for researchers for
decades," said Ning. "This technology will eventually allow people to put both electronics and
photonics on the same silicon platform, greatly simplifying manufacture."

Silicon does not emit light efficiently and therefore must be combined with other light emitting
materials. Currently, other semiconductors are used, such as Indium phosphide or Indium Garlium
Arsenide which are hundreds of times thicker, to bond witkeailifor such applications.

The new monolayer materials combined with Silicon eliminate challenges encountered when
combining with thicker, dissimilar materials. And, because thissila@on material is only a single
layer thick, it is flexible and ledkdly to crack under stress, according to Ning.

Looking forward, the team is working on powering their laser with electrical voltage to make the
system more compact and easy to use, especially for its intended use on computer chips. [22]



Computer chip te chnology repurposed for making reflective

nanostructures

A team of engineers at Caltech has discovered how to use comghifgimanufacturing

technologies to create the kind of reflective materials that make safety vests, running shoes, and
road signs apgar shiny in the dark.

Those materials owe their shininess to retroreflection, a property that allows them to bounce light
directly back to its source from a wide variety of angles. In contrast, a basic flat mirror will not
bounce light back to its sourdkthat light is coming from any angle other than straight on.

Retroreflectors' ability to return light to where it came from makes them useful for highlighting
objects that need to be seen in dark conditions. For example, if light from a car's headlhgts
on the safety vest of a construction worker down the road, the vest's retroreflective strips will
bounce that light straight back to the car and into the driver's eyes, making the vest appear to
glow.

Retroreflectors have also been used in sunrsyequipment, communications with satellites, and
even in experiments to measure the distance of the moon from Earth.

Typically, retroreflectors consist of tiny glass spheres embedded in the surface of reflective paint or
in small mirrors shaped like ¢hinner corner of a cube.

The new technology which was developed by a team led by Caltech's Andrei Faraon, assistant
professor of applied physics and materials science in the Division of Engineering and Applied
Science uses surfaces covered by a metamakconsisting of millions of silicon pillars, each only

a few hundred nanometers tall. By adjusting the size of the pillars and the spacing between them,
Faraon can manipulate how the surface reflects, refracts, or transmits light. He has already shown
that these materials can be tweaked to create flat lenses for focusing light or to createlixésm
surfaces that spread the light out into its spectrum. Now, he's discovered that he can build a
retroreflector by stacking two layers of the metamaterials@tme another.

In this kind of retroreflector, light first passes through a transparent metamaterial layer
(metasurface) and is focused by its tiny pillars onto a single spot on a reflective metamaterial layer.
The reflective layer then bounces the ligi#ck to the transparent layer, which transmits the light
back to its source.

"By placing multiple metasurfaces on top of each other, it is possible to control the flow of light in
such a way that was not possible before," Faraon says. "The functicofaditsetroreflector cannot
be achieved by using a single metasurface."

Since Faraon's metamaterials are created using comgltgr manufacturing technologies, it
would be possible to easily integrate them into chips used in optoelectronic devatestronics
that use and control light, he says.

"This could have applications in communicating with remote sensors, drones, satellites, etc.,” he
adds.



Faraon's research appears in a paper in the June 19, 2017, edition of Nature Photonics; the paper is
titted "Planar metasurface retroreflector.” Other coauthors are Amir Arbabi, assistant professor of
computer and electrical engineering at the University of Massachusetts Amherst; and Caltech
electrical engineering graduate students Ehsan Arbabi, Yu Horie, gadebeMahsa Kamali. [21]

Physicists create nanoscale mirror with only 2000 atoms

Mirrors are the simplest means to manipulate light propagation. Usually, a mirror is a macroscopic
object composed of a very large number of atoms. In the September 238t idgshe Physical

Review Letters, Prof. Julien Laurat and his team at Pierre and Marie Curie University in Paris
(Laboratoire Kastler BrosseKB) report that they have realized an efficient mirror consisting of

only 2000 atoms. This paper is accompariga "Focus"” item in AFhysics.

By engineering the position of cold atoms trapped around a nanoscale fiber, the researchers fulfill
the necessary conditions for Bragg reflection, a Wethwn physical effect first proposed by

William Lawrence Bragg ahds father William Henry Bragg in crystalline solids. They earned the
Nobel Prize for this work in 1915.

In the current experiment, each trapped atom contributes with a small reflectance, and the
engineered position allows the constructive interfereradanultiple reflections.

"Only 2000 atoms trapped in the vicinity of the fiber were necessary, while previous
demonstrations in free space required tens of millions of atoms to get the same reflectance," says
Neil Corzo, a Mari€urie postdoctoral fellovand the lead author of this work. He adds, "This is

due to the strong atorphoton coupling and the atom position control that we can now achieve in
our system."

The key ingredient is a nanoscale fiber, whose diameter has been reduced to 400 nm. Isethés ca
large fraction of the light travels outside the fiber in an evanescent field where it is heavily focused
over the tcm nanofiber length. Using this strong transversal confinement, it is possible to trap
cold cesium atoms near the fiber in wdkfined chains. The trapping is made with the
implementation of an alfibered dipole trap. With the use of wethosen pairs of beams, the
researchers generate two chains of trapping potentials around the fiber, in which only one atom
occupies each site. By seting the correct colors of the trap beams, they engineered the distance
between atoms in the chains to be close to half the resonant wavelength of the cesium atoms,
fulfilling the necessary conditions for Bragg reflection.

This setting represents an important step in the emerging field of waveguide quantum
electrodynamics, with applications in quantum networks, quantum nonlinear optics, and quantum
simulation. The technique would allow for novel quantum network capabibitiesmanybody

effects emerging from longange interactions between multiple spins, a daunting prospect in free
space.

This demonstration follows other works that Laurat's group has done in recent years, including the
realization of an alfibered opticalmemory. [20]



For first time, researchers see individual atoms keep away from each

other or bunch up as pairs

If you bottle up a gas and try to image its atoms using today's most powerful microscopes, you will
see little more than a shadowy blur. Atormp around at lightning speeds and are difficult to pin
down at ambient temperatures.

If, however, these atoms are plunged to ultracold temperatures, they slow to a crawl, and scientists
can start to study how they can form exotic states of matter, sucupsrfluids, superconductors,
and quantum magnets.

Physicists at MIT have now cooled a gas of potassium atoms to several nanokgisirgshair

above absolute zem and trapped the atoms within a twdimensional sheet of an optical lattice
created by csscrossing lasers. Using a higholution microscope, the researchers took images of
the cooled atoms residing in the lattice.

By looking at correlations between the atoms' positions in hundreds of such images, the team
observed individual atoms interdnty in some rather peculiar ways, based on their position in the
lattice. Some atoms exhibited "antisocial" behavior and kept away from each other, while some
bunched together with alternating magnetic orientations. Others appeared to piggyback on each
other, creating pairs of atoms next to empty spaces, or holes.

The team believes that these spatial correlations may shed light on the origins of superconducting
behavior. Superconductors are remarkable materials in which electrons pair up and travel without
friction, meaning that no energy is lost in the journey. If superconductors can be designed to exist
at room temperature, they could initiate an entirely new, incredibly efficient era for anything that
relies on electrical power.

Martin Zwierlein, profesor of physics and principal investigator at MIT's NSF Center for Ultracold
Atoms and at its Research Laboratory of Electronics, says his team's results and experimental setup
can help scientists identify ideal conditions for inducing superconductivity.

"Learning from this atomic model, we can understand what's really going on in these
superconductors, and what one should do to make higbenperature superconductors,
approaching hopefully room temperature,” Zwierlein says.

Zwierlein and his colleaguegsults appear in the Sept. 16 issue of the journal Sciencautbors
include experimentalists from the MHarvard Center for Ultracold Atoms, MIT's Research
Laboratory of Electronics, and two theory groups from San Jose State University, Ohio State
Uniwersity, the University of Rio de Janeiro, and Penn State University.

"Atoms as stand-ins for electrons”

Today, it is impossible to model the behavior of Higimperature superconductors, even using the
most powerful computers in the world, as the intetiaos between electrons are very strong.
Zwierlein and his team sought instead to design a "quantum simulator,” using atoms in a gas as
standins for electrons in a superconducting solid.



The group based its rationale on several historical lines of réagoRirst, in 1925 Austrian

physicist Wolfgang Pauli formulated what is now called the Pauli exclusion principle, which states
that no two electrons may occupy the same quantum staseich as spin, or positionat the same
time. Pauli also postulated thatextrons maintain a certain sphere of personal space, known as
the "Pauli hole."

His theory turned out to explain the periodic table of elements: Different configurations of
electrons give rise to specific elements, making carbon atoms, for instandactifebm hydrogen
atoms.

The Italian physicist Enrico Fermi soon realized that this same principle could be applied not just to
electrons, but also to atoms in a gas: The extent to which atoms like to keep to themselves can
define the properties, such ammpressibility, of a gas.

"He also realized these gases at low temperatures would behave in peculiar ways," Zwierlein says.

British physicist John Hubbard then incorporated Pauli's principle in a theory that is now known as
the FermiHubbard model, with is the simplest model of interacting atoms, hopping across a
lattice. Today, the model is thought to explain the basis for superconductivity. And while theorists
have been able to use the model to calculate the behavior of superconducting electrop$ahe

only been able to do so in situations where the electrons interact weakly with each other.

"That's a big reason why we don't understand higimperature superconductors, where the
electrons are very strongly interacting,” Zwierlein says. "Theedassical computer in the world
that can calculate what will happen at very low temperatures to interacting [electrons]. Their
spatial correlations have also never been observed in situ, because no one has a microscope to
look at every single electron."

Carving out personal space

Zwierlein'steam sought to design an experiment to realize the Fefmbbard model with atoms,
in hopes of seeing behavior of ultracold atoms analogous to that of electrons wemgierature
superconductors.

The group had previously designed an experimental protocol to first cool a gas of atoms to near
absolute zero, then trap them in a tadimensional plane of a lasgenerated lattice. At such
ultracold temperatures, the atoms slowed down enough for researglo capture them in images
for the first time, as they interacted across the lattice.

At the edges of the lattice, where the gas was more dilute, the researchers observed atoms
forming Pauli holes, maintaining a certain amount of personal space wiithilattice.

"They carve out a little space for themselves where it's very unlikely to find a second guy inside
that space," Zwierlein says.

Where the gas was more compressed, the team observed something unexpected: Atoms were
more amenable to having de neighbors, and were in fact very tightly bunched. These atoms
exhibited alternating magnetic orientations.



"These are beautiful, antiferromagnetic correlations, with a checkerboard pattapm down, up,
down," Zwierlein describes.

At the same time, thse atoms were found to often hop on top of one another, creating a pair of
atoms next to an empty lattice square. This, Zwierlein says, is reminiscent of a mechanism
proposed for highemperature superconductivity, in which electron pairs resonating betwe
adjacent lattice sites can zip through the material without friction if there is just the right amount
of empty space to let them through.

Ultimately, he says the team's experiments in gases can help scientists identify ideal conditions for
supercondutivity to arise in solids.

Zwierlein explains: "For us, these effects occur at nanokelvin because we are working with dilute
atomic gases. If you have a dense piece of matter, these same effects may well happen at room
temperature.”

Currently, the team &s been able to achieve ultracold temperatures in gases that are equivalent to
hundreds of kelvins in solids. To induce superconductivity, Zwierlein says the group will have to
cool their gases by another factor of five or so.

"We haven't played all of auricks yet, so we think we can get colder," he says. [19]

Researchers have created quantum states of light whose noise level has
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Squeezed quantum states of light can have better noise properties than those imposeddigatia
limits set by shot noise. Such states might help researchers boost the sensitivity of
gravitationalwave (GW) detectors or design more practical quantum information schemes. A team
of researchers at the Institute for Gravitational Physics at thenizibniversity of Hanover,

Germany, has now demonstrated a method for squeezing noise to record low levels. The new
approach compatible with the laser interferometers used in GW detectonsay lead to

technologies for upgrading LIGO and similar observatorie

Squeezed light is typically generated in nonlinear crystals, in which one pump photon produces two
daughter photons. Because the two photons are generated in the same quantum process, they
exhibit correlations that can be exploited to reduce noise gesuring setups. Quantum squeezing
can, in principle, reduce noise to arbitrarily low levels. But in practice, photon losses and detector
noise limit the maximum achievable squeezing. The previous record was demonstrated by the
Hanover team, who used a smihe featuring amplitude fluctuations that were about a factor of 19
lower than those expected from classical noise (12.7 dB of squeezing).

In their new work, the researchers bested themselves by increasing this factor to 32 (15 dB of
squeezing), using aht-squeezing scheme with low optical losses and minimal fluctuations in the
phase of the readout scheme. The squeezed states are obtained at 1064 nm, the laser wavelength
feeding the interferometers of all current GW observatories.

This research is pubhed in Physical Review Letters. [18]



Liquid Light with a Whirl

Ly SEtfALWGAOFE tA3IKG o0SIY AY | y2ytAYSENI 2LIGAOFE Y

electron around a magnetic field.

Magnetism and rotation have a lot in common. The effigf a magnetic field on a moving charge,

the Lorentz force, is formally equivalent to the fictitious force felt by a moving mass in a rotating
reference frame, the Coriolis force. For this reason, atomic quantum gases under rotation can be
used as quanton simulators of exotic magnetic phenomena for electrons, such as the fractional
guantum Hall effect. But there is no direct equivalent of magnetism for photons, which are
massless and chargeless. Now, Niclas Westerberg ambié@rs at HeriodWatt Univergy, UK,

have shown how to make synthetic magnetic fields for light. They developed a theory that predicts
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propagates, just as an electron will whirl around in a n&ig field. More than that, the light will
expand as it goes, demonstrating fldikle behavior. We can expect synthetic magnetism for light
to bring big insights into magnetism in other systems, as well as some beautiful images.

The idea that light cabehave like a fluid and, even more interestingly, a superfluid (a fluid with
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equations for nearly collimated light in a nonlinear medium look like the Schrédingetien for

a superfluid of matter, modified to include particle interactions. Fluids of light, or photon fluids,
propagating in bulk nonlinear media show a range of fluid and superfluid behavior, such as free
expansion and shock waves. In microcavitiesg$ of light can be strongly coupled to matter, such

as semiconductor electrehole pairs, to make hybrid entities known as polariton condensates.
These condensates can exhibit quantized vortices, which are characteristic of superfluidity. Despite
theseimpressive advances, it has proven difficult to induce the strong bulk rotation required for
phenomena such as the quantum Hall effect to show up in photon fluids, hence the need for
synthetic magnetism.

The concept of synthetic magnetism is borrowed froltnacold atoms. With atoms, it is
experimentally unfeasible to reach a regime of rapid rotation corresponding to a large magnetic
field, not least because the traps that confine the atoms are unable to provide the centripetal force
to stop them from flymg out. Instead, it is possible to take advantage of the fact that atoms have
multiple internal states. These can be used to generate geometric phases, as opposed to dynamic
phases (which can be imposed by any forces, whatever the structure of the intéated may be).
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example, its spin) smoothly follow the variations of an external field, so that its phase depends on
which path it takes between two externstlates (for example, two positions of the system), even if
the paths have the same energy. In atomic systems, the variations of the external field in position
are achieved with phase or amplitude structures of the electromagnetic field of laser lighe Thes
variations can be engineered to produce the rotational equivalent of the vector potential for a
magnetic field on a charged particle, inducing strong bulk rotation that shows up as many vortices
in a superfluid Bos€&instein condensate.

To produce a geuetric phase in a fluid of light, Westerberg and colleagues considered light with
two coupled internal states a spinor photon fluid. They studied two types of nonlinear media,
with second and third-order optical nonlinearities, respectively. The secander nonlinearity
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comes in the form of mixing of three fields in a birefringent crystal, in which one field, the pump
light field, splits into two further fields with orthogonal polarizations, these being the two required
internal states of the spinor fluidBlow spatial variations of the strong pump field generate a
synthetic vector potential that is equivalent to a magnetic field for electric charges or rotation for
atoms.

The thirdorder optical nonlinearity occurs in a medium with a refractive index degpends on the
intensity of light. The spinor photon fluid in this case consists of weak fluctuations around a strong
light field that carries orbital angular momentum (colloquially known as twisted light). The two
internal states of the fluid are distuished by their differing orbital angular momentum. The
resulting vector potential produces synthetic magnetism, much as with the semaisdt

nonlinearity.

Coincidentally, for the medium with a secendder nonlinearity, Westerberg and aworkers also
propose using twisted light.

The authors present numerical simulations for both types of nonlinearity. For the secdad
nonlinear medium, they show that an elliptical light beam in a synthetic magnetic field rotates
about its propagation axis and expds as it propagates (Fig 1). The expansion shows that the light
is behaving as a fluid in rotation. For the thorter nonlinear medium there is a trapped vortex

that causes the beam to rotate, which is akin to cyclotron motion of a charge in a mafigidtic
Short of spinning the medium extremely rapidly [9], it is not obvious how one could otherwise
make a beam continuously rotate as it propagates.
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nonlinear optics, atomic physics, geometric phases, and light with orbital angular momentum.
Spinor photon fluids in themselves are a new development. The coemglate of a photon fluid

its amplitude, phase, and polarizatiortan be mapped out; this is not possible for atoms or
electrons. Some of the authors of the present study have recently experimentally driven photon
fluids past obstacles in ways that are h&wdachieve for atoms, and obtained evidence for
superfluidity through the phase of the photon fluid [10¢vidence that cannot be obtained for
electronic magnetism. Furthermore, they have also made photon fluids that have nonlocal
interactions, via thermagffects. Generalizing synthetic magnetism to nonlocal fluids of light will
enlighten us about magnetism and rotation in sedtdte and atomic superfluids. Experimental
implementation will surely follow hot on the heels of this proposal. [17]

Physicists discover a new form of light

Physicists from Trinity College Dublin's School of Physics and the CRANN Institute, Trinity College,
have discovered a new form of light, which will impact our understanding of the fundamental
nature of light.

One of the measrable characteristics of a beam of light is known as angular momentum. Until
now, it was thought that in all forms of light the angular momentum would be a multiple of
Planck's constant (the physical constant that sets the scale of quantum effects).



Now, recent PhD graduate Kyle Ballantine and Professor Paul Eastham, both from Trinity College
Dublin's School of Physics, along with Professor John Donegan from CRANN, have demonstrated a
new form of light where the angular momentum of each photon (a part€hasible light) takes

only half of this value. This difference, though small, is profound. These results were recently
published in the online journal Science Advances.

Commenting on their work, Assistant Professor Paul Eastham said: "We're inteirefteting out

how we can change the way light behaves, and how that could be useful. What | think is so exciting
about this result is that even this fundamental property of light, that physicists have always

thought was fixed, can be changed.”

Professordohn Donegan said: "My research focuses on nanophotonics, which is the study of the
behaviour of light on the nanometer scale. A beam of light is characterised by its colour or
wavelength and a less familiar quantity known as angular momentum. Angular ntome

measures how much something is rotating. For a beam of light, although travelling in a straight line
it can also be rotating around its own axis. So when light from the mirror hits your eye in the
morning, every photon twists your eye a little, oneya another."

"Our discovery will have real impacts for the study of light waves in areas such as secure optical
communications."

Professor Stefano Sanvito, Director of CRANN, said: "The topic of light has always been one of
interest to physicists, whalalso being documented as one of the areas of physics that is best
understood. This discovery is a breakthrough for the world of physics and science alike. | am
delighted to once again see CRANN and Physics in Trinity producing fundamental scierdifatrese
that challenges our understanding of light."

To make this discovery, the team involved used an effect discovered in the same institution almost
200 years before. In the 1830s, mathematician William Rowan Hamilton and physicist Humphrey
Lloyd found hat, upon passing through certain crystals, a ray of light became a hollow cylinder.
The team used this phenomenon to generate beams of light with a siikewtructure.

Analyzing these beams within the theory of quantum mechanics they predicted thanhthdar
momentum of the photon would be haifteger, and devised an experiment to test their
prediction. Using a specially constructed device they were able to measure the flow of angular
momentum in a beam of light. They were also able, for the finsétito measure the variations in
this flow caused by quantum effects. The experiments revealed a tiny shifhalhef Planck's
constant, in the angular momentum of each photon.

Theoretical physicists since the 1980s have speculated how quantum mechemic for particles

that are free to move in only two of the three dimensions of space. They discovered that this
would enable strange new possibilities, including particles whose quantum numbers were fractions
of those expected. This work shows, for first time, that these speculations can be realised with
light. [16]



Novel metasurface revolutionizes ubiquitous scientific tool

Light from an optical fiber illuminates the metasurface, is scattered in four different directions, and
the intensities areneasured by the four detectors. From this measurement the state of
polarization of light is detected.

What do astrophysics, telecommunications and pharmacology have in common? Each of these
fields relies on polarimetersinstruments that detect the direabin of the oscillation of
electromagnetic waves, otherwise known as the polarization of light.

Even though the human eye isn't particularly sensitive to polarization, it is a fundamental property
of light. When light is reflected or scattered off an object, its polarization changes and measuring
that change reveals a lot of information. Astrophydii for example, use polarization
measurements to analyze the surface of distant, or to map the giant magnetic fields spanning our
galaxy. Drug manufacturers use the polarization of scattered light to determine the chirality and
concentration of drug moleules. In telecommunications, polarization is used to carry information
through the vast network of fiber optic cables. From medical diagnostics tetéagh

manufacturing to the food industry, measuring polarization reveals critical data.

Scientists relyn polarimeters to make these measurements. While ubiquitous, many polarimeters
currently in use are slow, bulky and expensive.

Now, researchers at the Harvard John A. Paulson School of Engineering and Applied Sciences and
Innovation Center Iceland hawmiilt a polarimeter on a microchip, revolutionizing the design of
this widely used scientific tool.

"We have taken an instrument that is can reach the size of a lab bench and shrunk it down to the
size of a chip," said Federico Capasso, the Robert lad&/&Fofessor of Applied Physics and

Vinton Hayes Senior Research Fellow in Electrical Engineering, who led the research. "Having a
microchip polarimeter will make polarization measurements available for the first time to a much

broader range of applicatits, including in energgfficient, portable devices."

"Taking advantage of integrated circuit technology and nanophotonics, the new device promises
high-performance polarization measurements at a fraction of the cost and size," said J. P. Balthasar
Mueller, a graduate student in the Capasso lab and first author of the paper.

The device is described in the journal Optica. Harvard's Office of Technology Development has filed
a patent application and is actively exploring commercial opportunities for tHentdogy.

Capasso's team was able to drastically reduce the complexity and size of polarimeters by building a
two-dimensional metasurfagea nanoscale structure that interacts with light. The metasurface is
covered with a thin array of metallic antennas,aler than a wavelength of light, embedded in a
polymer film. As light propagates down an optical fiber and illuminates the array, a small amount
scatters in four directions. Four detectors measure the intensity of the scattered light and combine
to give he state of polarization in real time.

"One advantage of this technique is that the polarization measurement leaves the signal mostly
intact,” said Mueller. "This is crucial for many uses of polarimeters, especially in optical
telecommunications, where measurements must be made without disbgrthe data stream.”



In telecommunications, optical signals propagating through fibers will change their polarization in
random ways. New integrated photonic chips in fiber optic cables are extremely sensitive to
polarization, and if light reaches a chijth the wrong polarization, it can cause a loss of signal.

"The design of the antenna array make it robust and insensitive to the inaccuracies in the
fabrication process, which is ideal for large scale manufacturing,” said Kristjan Leosson, senior
reseacher and division manager at the Innovation Center and coauthor of the paper.

Leosson's team in Iceland is currently working on incorporating the metasurface design from the
Capasso group into a prototype polarimeter instrument.

Chipbased polarimetersauld for the first time provide comprehensive and réiahe polarization
monitoring, which could boost network performance and security and help providers keep up with
the exploding demand for bandwidth.

"This device performs as well as any statéhe-art polarimeter on the market but is considerably
smaller," said Capasso. "A portable, compact polarimeter could become an important tool for not
only the telecommunications industry but also in drug manufacturing, medical imaging, chemistry,
astronomy, yowname it. The applications are endless." [15]

New nanodevice shifts light's color at single -photon level

Converting a single photon from one color, or frequency, to another is an essential tool in quantum
communication, which harnesses the subtle cortielas between the subatomic properties of

photons (particles of light) to securely store and transmit information. Scientists at the National
Institute of Standards and Technology (NIST) have now developed a miniaturized version of a
frequency converter, sing technology similar to that used to make computer chips.

The tiny device, which promises to help improve the security and increase the distance over which
nextgeneration quantum communication systems operate, can be tailored for a wide variety of
uses, enables easy integration with other informatiprocessing elements and can be mass
produced.

The new nanoscale optical frequency converter efficiently converts photons from one frequency to
the other while consuming only a small amount of power andiragl a very low level of noise,
namely background light not associated with the incoming signal.

Frequency converters are essential for addressing two problems. The frequencies at which
guantum systems optimally generate and store information are typicalich higher than the
frequencies required to transmit that information over kilometgale distances in optical fibers.
Converting the photons between these frequencies requires a shift of hundreds of terahertz (one
terahertz is a trillion wave cyclegpsecond).

A much smaller, but still critical, frequency mismatch arises when two quantum systems that are
intended to be identical have small variations in shape and composition. These variations cause the
systems to generate photons that differ slighth frequency instead of being exact replicas, which

the quantum communication network may require.



The new photon frequency converter, an example of nanophotonic engineering, addresses both
issues, Qing Li, Marcelo Davanc¢o and Kartik Srinivasan wegune Photonics. The key

component of the chipntegrated device is a tiny rirghaped resonator, about 80 micrometers in
diameter (slightly less than the width of a human hair) and a few tenths of a micrometer in
thickness. The shape and dimensionsh&f ting, which is made of silicon nitride, are chosen to
enhance the inherent properties of the material in converting light from one frequency to another.
The ring resonator is driven by two pump lasers, each operating at a separate frequency. In a
schemeknown as fouwavemixing Bragg scattering, a photon entering the ring is shifted in
frequency by an amount equal to the difference in frequencies of the two pump lasers.

Like cycling around a racetrack, incoming light circulates around the resonatdrduisnof times
before exiting, greatly enhancing the device's ability to shift the photon's frequency at low power
and with low background noise. Rather than using a few watts of power, as typical in previous
experiments, the system consumes only abouuadredth of that amount. Importantly, the

added amount of noise is low enough for future experiments using spigion sources.

While other technologies have been applied to frequency conversion, "nanophotonics has the
benefit of potentially enabling # devices to be much smaller, easier to customize, lower power,
and compatible with batch fabrication technology,” said Srinivasan. "Our work is a first
demonstration of a nanophotonic technology suitable for this demanding task of quantum
frequency convesion."” [14]

Quantum dots enhance light -to-current conversion in layered

semiconductors

Harnessing the power of the sun and creating ligatvesting or lightensing devices requires a
material that both absorbs light efficiently and converts the eneaoglrighly mobile electrical
current. Finding the ideal mix of properties in a single material is a challenge, so scientists have
been experimenting with ways to combine different materials to create "hybrids" with enhanced
features.

In two justpublishedpapers, scientists from the U.S. Department of Energy's Brookhaven National
Laboratory, Stony Brook University, and the University of Nebraska describe one such approach
that combines the excellent lightarvesting properties of quantum dots with the turlakelectrical
conductivity of a layered tin disulfide semiconductor. The hybrid material exhibited enhanced
lightharvesting properties through the absorption of light by the quantum dots and their energy
transfer to tin disulfide, both in laboratory tesésid when incorporated into electronic devices.

The research paves the way for using these materials in optoelectronic applications such as energy
harvesting photovoltaics, light sensors, and light emitting diodes (LEDs).

According to Mircea Cotlet, the ghical chemist who led this work at Brookhaven Lab's Center for
Functional Nanomaterials (CFN), a DOE Office of Science User Faciliginiéwsional metal
dichalcogenides like tin disulfide have some promising properties for solar energy conversion and
photodetector applications, including a high surfd@oevolume aspect ratio. But no

semiconducting material has it all. These materials are very thin and they are poor light absorbers.



So we were trying to mix them with other nanomaterials like kgbhsobing quantum dots to
improve their performance through energy transfer.”

One paper, just published in the journal ACS Nano, describes a fundamental study of the hybrid
guantum dot/tin disulfide material by itself. The work analyzes how light excitesuhatqm dots
(made of a cadmium selenide core surrounded by a zinc sulfide shell), which then transfer the
absorbed energy to layers of nearby tin disulfide.

"We have come up with an interesting approach to discriminate energy transfer from charge
transfer, two common types of interactions promoted by light in such hybrids," said Prahlad Routh,
a graduate student from Stony Brook University working with Cotlet addsticauthor of the ACS
Nano paper. "We do this using single nanocrystal spectroscopykaalchow individual quantum

dots blink when interacting with shedike tin disulfide. This straightforward method can assess
whether components in such semiconducting hybrids interact either by energy or by charge
transfer.”

The researchers found thabé rate for nonradiative energy transfer from individual quantum dots
to tin disulfide increases with an increasing number of tin disulfide layers. But performance in
laboratory tests isn't enough to prove the merits of potential new materials. So teatsts
incorporated the hybrid material into an electronic device, a phiétd-effect-transistor, a type of
photon detector commonly used for light sensing applications.

As described in a paper published online March 24 in Applied Physics Letters, the hybrid material
dramatically enhanced the performance of the phdigld-effect transistorsresulting in a

photocurrent response (conversion of light to electric current)ttivas 500 percent better than
transistors made with the tin disulfide material alone.

"This kind of energy transfer is a key process that enables photosynthesis in nature," said
ChangYong Nam, a materials scientist at Center for Functional Nanomatedals a

corresponding author of the APL paper. "Researchers have been trying to emulate this principle in
light-harvesting electrical devices, but it has been difficult particularly for new material systems
such as the tin disulfide we studied. Our devicendestrates the performance benefits realized by
using both energy transfer processes and new-ttimensional materials.”

Cotlet concludes, "The idea of 'doping’ tslonensional layered materials with quantum dots to
enhance their light absorbing propertisshows promise for designing better solar cells and
photodetectors." [13]



Quasiparticles dubbed topological polaritons make their debut in the
theoretical world

e

Condensednatter physicists often turn to particlike entities called quasiparticlessuch as

excitons, plasmons, magnanso explain complex phenomena. Now Gil Refael from the California

Institute of Technology in Pasadena and colleagues report the theoretical concept of the
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special topological properties and might be used in devices to transport light in one direction.

The proposed topolaritons arise from the strong coupling of a photon and an exciton, a bound

state of an electron and a hole. dihtopology can be thought of as knots in their gapped energy

band structure. At the edge of the systems in which topolaritons emerge, these knots unwind and

allow the topolaritons to propagate in a single direction without beefkection. In other words

the topolaritons cannot maketlirns. Backreflection is a known source of detrimental feedback
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devices with increased performance.

The researchers describeseheme to generate topolaritons that may be feasible to implement in

common systents such as semiconductor structures or atomically thin layers of compounds

known as transitiormetal dichalcogenidasembedded in photonic waveguides or microcavities.
Previousapproaches to make similar otveay photonic channels have mostly hinged on effects

that are only applicable at microwave frequencies. Refael ansi 20NJ SNB Q LINR L2 &l f 2FFSN
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remained a challenging pursuit. [12]

‘Matter waves' move through one another but never share space

Physicist Randy Hulet and colleagues observed a strange disappearing act during collisions between
forms of Bose Einstein condensates ahBelitons. In some cases, the colliding clumps of matter
appear to keep their distance even as they pass through each other. How can two clumps of matter
pass through each other without sharing space? Physicists have documented a strange
disappearing adby colliding Bose Einstein condensates that appear to keep their distance even as
they pass through one another.

BECs are clumps of a few hundred thousand lithium atoms that are cooled to withimitioath
of a degree above absolute zero, a temperatsoecold that the atoms march in lockstep and act



as a single "matter wave." Solitons are waves that do not diminish, flatten out or change shape as
they move through space. To form solitons, Hulet's team coaxed the BECs into a configuration
where the attiactive forces between lithium atoms perfectly balance the quantum pressure that
tends to spread them out.

The researchers expected to observe the property that a pair of colliding solitons would pass
though one another without slowing down or changing ghaHowever, they found that in certain
collisions, the solitons approached one another, maintained a minimum gap between themselves,
and then appeared to bounce away from the collision.

Hulet's team specializes in experiments on BECs and other ultraedidr. They use lasers to both
trap and cool clouds of lithium gas to temperatures that are so cold that the matter's behavior is
dictated by fundamental forces of nature that aren't observable at higher temperatures.

To create solitons, Hulet and posttoral research associate Jason Nguyen, the study's lead
author, balanced the forces of attraction and repulsion in the BECs.

Cameras captured images of the tiny BECs throughout the process. In the images, two solitons
oscillate back and forth like pendulums swinging in opposite directions. Hulet's team, which also
included graduate student De Luo and former postdoctoral resear@aul Dyke, documented
thousands of heaan collisions between soliton pairs and noticed a strange gap in some, but not
all, of the experiments.

Many of the events that Hulet's team measures occur inthmeisandth of a second or less. To
confirm that the "disappearing act" wasn't causing a miniscule interaction between the soliton
pairs-- an interaction that might cause them to slowly dissipate over tintéulet's team tracked
one of the experiments for almost a full second.

The data showed the sadibs oscillating back and fourth, winking in and out of view each time they
crossed, without any measurable effect.

"This is great example of a case where experiments on ultracold matter can yield a fundamental
new insight,” Hulet said. "The phadepender effects had been seen in optical experiments, but
there has been a misunderstanding about the interpretation of those observations." [11]

Photonic molecules

Working with colleagues at the HarvaktiT Center for Ultracold Atoms, a group led by Harvard
Professor of Physics Mikhail Lukin and MIT Professor of Physics Vladan Vuletic have managed to
coax photons into binding together to form molecutea state of matter that, until recently, had

been purely theoretical. The work is described in a Septembgraper in Nature.

The discovery, Lukin said, runs contrary to decades of accepted wisdom about the nature of light.
Photons have long been described as massless particles which don't interact with eact other
shine two laser beams at each other, he saidd they simply pass through one another.

"Photonic molecules," however, behave less like traditional lasers and more like something you
might find in science fictiog the light saber.



"Most of the properties of light we know about originate from tfaet that photons are massless,

and that they do not interact with each other," Lukin said. "What we have done is create a special
type of medium in which photons interact with each other so strongly that they begin to act as
though they have mass, and théind together to form molecules. This type of photonic bound
state has been discussed theoretically for quite a while, but until now it hadn't been observed. [9]

The Electromagnetic Interaction

This paper explains the magnetic effect of the electric current from the observed effects of the

accelerating electrons, causing naturally the experienced changes of the electric field potential

along the electric wire. The accelerating electrons explatronly the Maxwell Equations and the

Special Relativity, but the Heisenberg Uncertainty Relation, the wave particle duality and the
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Asymmetry in the interference oc currences of oscillators

The asymmetrical configurations are stable objects of the real physical world, because they cannot
annihilate. One of the most obvious asymmetry is the prat@iectron mass rate = 1840 M

while they have equal charge. We exipl this fact by the strong interaction of the proton, but how
remember it his strong interaction ability for example in the Btom where are only

electromagnetic interactions among proton and electron.

This gives us the idea to origin the mass of pndrom the electromagnetic interactions by the
way interference occurrences of oscillators. The uncertainty relation of Heisenberg makes sure that
the particles are oscillating.

The resultant intensity due to n equally spaced oscillators, all of equglitade but different from
one another in phase, either because they are driven differently in phase or because we are
looking at them an angle such that there is a difference in time delay:

(1) I=bsiPn /2] sit /2
If is infinitesimal so that sin = than
(2) e o

This gives us the idea of

(3)  Mp=reMe



3 =A/n = dsing A

Fig. 30-3. A linear array of n equal
oscillators, driven with phases a; = sa.

Figure 1.) A linear array of n equal oscillators

There is an important feature about formula (1) which is that if the angkincreased by the
multiple of 2 it makes no difference to the formula.

So

(4) dsin =m and we get nmorder beam if less than d. [6]

If d less than we get only zereorder one centered at = 0. Of course, there is also a beam in the
opposite direction. The right chooses of d angle can ensure the conservation of charge.

For example
5) 2(m+1l)=n
Where 2(m+1) = Number of protons and n =umber of electrons.

In this way we can see the molecules so that 2n electrons of n radiate to 4(m+1) protons,
because d> <for electrons, while the two protons of one hholecule radiate to two electrons of
them, because of gk cfor this two protons.

To support this idea we can turn to the Planck distribution law, that is equal with theq@Bose
Einstein statistics.

Spontaneously broken symmetry in the Planck distribution law
The Planck distribution law is temperature dependent and it should beltrcally and globally. |
think that Einstein's energgatter equivalence means some kind of existence of electromagnetic



oscillations enabled by the temperature, creating the different matter formulas, atoms molecules,
crystals, dark matter and energy.

Max Planck found for the black body radiation

As a function of wavelengthe), Planck's law is written as:

_, 2he? 1
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Figure 2. The distribution law for different T temperatures

We see there are two different;and »for each T and intensity, so we can find between them a d
sothat 1<d< .

































