Majorana Quasiparticle forQuantum
Computing

As/mysterious as'thedtalian scientist/ for which it:is/named; the Maja particle is.one
of the most.compelling quests in physif33]

With their insensitivity to.decoherence; Majorana: particles: could become stable/building
blocks:of quantum computers. [32]

A team.of researchers:at thdniversity .of Maryland has found a-new way to route
photons:at'the micrometer scale without scattering by building @ topological.quantum
optics interface. [31]

Researchers at'the University of Bristol's Quantum; Engineering Technology Labs have
demonstrated anewtype ofsilicon chip.that can help building/and testing:.quantum
computers.and could find their. way: into your. maobile; phone:to secure informat[80]

Theoretical physicists propose to use negative interference to control heat flow in
guantum deviceg29]

Particle physicists:are studying ways to harndbe power:of the,quantum-realm to
further their research./ [28]

A collaboration betweenthe lab/of Judy Cha; the Carol and Douglas MelAssdtant
Professor of Mechanical Engineering & Materials Science, ‘/and 1BM's Watson /Research
Center.could help:make apotentially revolutionary. technology more/ viable for
manufacturing.[27]

A fundamental barrier/tosscaling quantum.computing machines'is:"'qubitinterference." In
new research published iBcience! Advances; engineers/and physicists fRigetti
Computingdescribe abreakthrough/that.can.expand the size of practical quantum
processors byreducing interferend26)

The search;and manipulation/of-novel properties: emerging from the gquantum nature of
matter could lead to nexgeneration €lectronics:and quantum computers.[25]

A research team:from/'the Department of Energy's Lawrence Berkeley National
Laboratory (Berkeley Lab) has found the first evidence tleashaking motion in the
structure of an.atomically: thin/ (2D) material possesses:a naturally occurring circular
rotation. [24]
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Topological effects; such asthose found in:crystals whose surfaces conduct electricity
while their bulk does:not; have-been an excitingio of physics research in recent.years
and were'the subject /of the 2016 Nobel Prize in phygi3]

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

In experiments at SLAC, intense laser light (red) shining through a magnesium oxide
AOUOOAI AQAEOAA OEA 1T OOAOI T OO0 OOAI AT AARd Al AAO
LCLS works like an extraordinary strobe light: Its ultrabrightpays take snapshots of

materials with atomic resolution and capture motions as fast as a few femtoseconds, or

millionths of a billionth of a second. For comparison, one femtosecond is to a second

what seven minutes is to the age of the universe. [20]

I OTENMAAOG AEEAAO OEAO OAATET CI U OOOT O I AOGAOEA
inxOAUO AO 3,! #6860 ,#,38 fruLY

Leiden physicists have manipulated light with large artificial atoms-salled quantum

dots. Before, this has only been accomplished wittual atoms. It is an important step

toward light-based quantum technology. [18]

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

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

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

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

Energy's Oak Ridge Nationélaboratory. [13]

A source of single photons that meets three important criteria for use in quantum
information systems has been unveiled in China by an international team of physicists.
Based on a quantum dot, the device is an efficient source of phdt@imerge as solo



particles that are indistinguishable from each other. The researchers are now trying to
use the source to create a quantum computer based on "boson sampling". [11]

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

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

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

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

The accelerating electros explain not only the Maxwell Equations and the

Special Relativity, but the Heisenberg Uncertainty Relation, the WReeticle Duality
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Theories.

The Planck Distribution Law of the electromagnetic oscillators explains the

electron/proton mass rate and the Weak and Strong Interactions by the diffraction

patterns. The Weak Interaction changes the diffraction patterns by moving the electric

charge from one side to the othaide of the diffraction pattern, which violates the CP
and Time reversal symmetry.

The diffraction patterns and the locality of the seffaintaining electromagnetic

potential explains also the Quantum Entanglement, giving it as a natural part of the
Reldivistic Quantum Theory and making possible to build the Quantum Computer with
the help of Quantum Information.
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Preface
While physicists are continually looking for ways to unify the theory of relativity, which describes
large-scale phenomena, with quantum theory, which describes satalle phenomena, computer
scientists are searching for technologies to build the quantomputer.

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

[5]

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

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

Mysterious Majorana quasiparticle is now closer to being controlled for

guantum computing
As mysterious as the Italian scientist for which it is named, the tdagoparticle is one of the most
compelling quests in physics.

Its fame stems from its strange propertied is the only particle that is its own antiparticleand
from its potential to be harnessed for future quantum computing.

In recent years, a handfuf groups including a team at Princeton have reported finding the
Majorana in various materials, but the challenge is how to manipulate it for quantum computation.

In a new study published this week, the Princeton team reports a way to control Majorana
guasparticles in a setting that also makes them more robust. The settigich combines a

superconductor and an exotic material calleti@ological insulatort makes Majoranas
especially resilient agnst destruction by heat or vibrations from the outside environment. What is
more, the team demonstrated a way to turn on or off the Majorana using small magnets integrated
into the device. The report appeared in the jouralience
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"With this new studywe now have a new way to engineer Majorana quasiparticles in materials,"”
said Ali Yazdani, Class of 1909 Professor of Physics and senior author on the study. "We can verify
their existence by imaging them and we can characterize their predicted propérties.

The Majorana is named for physicist Ettore Majorana, who predicted the existence of the particle in
1937 just a year before mysteriously disappearing during a ferry trip off the Italian coast. Building
on the same logic with which physicist Paul Diradmted in 1928 that the electron must have an
antiparticle, later identified as the positron, Majorana theorized the existence of a particle that is

its own antiparticle.

Typically when matter and antimatter come together, they annihilate each otheviolent

release of energy, but the Majoranas, when they appear as pairs each at either end of specially
designed wires, can be relatively stable and interact weakly with their environment. The pairs
enable the storing of quantum information at two distiotations, making them relatively robust

against disturbance because to change tHgantum state requires operations at both ends of
the wire at the same time.

This capability has captivated technoldgigho envision a way to make quantum bitde units

of guantum computingt that are more robust than current approaches. Quantum systems
are prized for their potential to tackle problems impossiblestdve with today's computers, but

they require maintaining a fragile state called superposition, which if disrupted, can result in system
failures.

A Majoranabased quantum computer would store information in pairs of particles and perform
computation bybraiding them around each other. The results of computation would be
determined by annihilation of Majoranas with each other, which can result in either the
appearance of an electron (detected by its charge) or nothing, depending on how the pair of
Majoranas have been braided. The probabilistic outcome of the Majorana pair annihilation
underlies its use for quantum computation.

The challenge is how to create and easily control Majoranas. One of the places they can exist is at
the ends of a singtatom-thick chain of magnetic atoms on a superconducting bed. In 2014,
reporting inScienceYazdani and collaborators used a scanning tunneling microscope (STM), in
which a tip is dragged over atoms to reveal the presence of quasiparticles, to find Majoranas at
both ends of a chain of iron atoms resting on the surface of a superconductor.

The team went on to detect the Majorana’s quantum "spin," a property shared by electrons and
other subatomic particles. In a report published in Science in 2017, the team stateti¢ha
Majorana's spin property is a unique signal with which to determine that a detected quasiparticle is
indeed a Majorana.

In this latest study, the team explored another predicted place for finding Majoranas: in the
channel that forms at the edge oftapological insulator when it is placed in contact with a
superconductor. Superconductors are materials in which electrons can travel without resistance,
and topological insulators are materials in which electrons flow only along the edges.
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The theory preétts that Majorana quasiparticles can form at the edge of a thin sheet of topological
insulator that comes in contact with a block of superconducting material. The proximity of the
superconductor coaxes electrons to flow without resistance along the tgdbinsulator edge,
which is so thin that it can be thought of as a wire. Since Majoranas form at the end of wires, it
should be possible to make them appear by cutting the wire.

"It was a prediction, and it was just sitting there all these years,¢amtlani. "We decided to
explore how one could actually make this structure because of its potential to make Majoranas that
would be more robust to material imperfections and temperature.”

The team built the structure by evaporating a thin sheet of bisntagiological insulator atop a

block of niobium superconductor. They placed nanomsaized magnetic memory bits on the
structure to provide a magnetic field, which derails the flow of electrons, producing the same effect
as cutting the wire. They used STdMisualize the structure.

When using their microscope to hunt for the Majorana, however, the researchers were at first
perplexed by what they saw. Some of the time they saw the Majorana appear, and other times they
could not find it. After further exploitéon they realized that the Majorana only appears when the
small magnets are magnetized in the direction parallel to the direction of electron flow along the
channel.

"When we began to characterize the small magnets, we realized they are the control peradme
said Yazdani. "The way the magnetization of the bit is oriented determines whether the Majorana
appears or not. It is an eoff switch."

The team reported that the Majorana quasiparticle that forms in this system is quite robust
because it occurs @nergies that are distinct from the other quasiparticles that can exist in the
system. The robustness also stems from its formation in a topolegitze¢ mode, which is
inherently resistant to disruption. Topological materials derive their name from thedbr of
mathematics that describes how objects can be deformed by stretching or bending. Electrons
flowing in a topological material thus will continue moving around any dents or imperfecfgsis.

Unconventional superconductor may be used to create quantum

computers of the future

With their insensitivity to decoherence, Majorana particles could become stable building blocks of
guantum computers. The problem is that they only occur under very special circumstances. Now,
researchers at Chalmers Uniséy of Technology have succeeded in manufacturing a component
that is able to host the sougtafter particles.

Researchers throughout the world are struggling to build quantum computers. One of the great
challenges is to overcome the sensitivity of quantsystems to decoherence, the collapse of
superpositions. One track within quantum computer research is therefore to make use of Majorana
particles, which are also called Majorana fermions. Microsoft, among other organizations, is
exploring this type of gantum computer.



Majorana fermions are highly original particles, quite unlike those that make up the materials
around us. In highly simplified terms, they can be seen aseladfron. In a quantum computer,
the idea is to encode information in a pair obMrana fermions separated in the material, which
should, in principle, make the calculations immune to decoherence.

So where do you find Majorana fermions? In solid state materials, they only appear to occur in
what are known as topologicaliperconductors. But a research team at Chalmers University of
Technology is now among the first in the world to report that they have actually manufactured a
topological superconductor.

"Our experimental results arconsistent withtopological superconductivity," says Floriana
Lombardi, professor at the Quantum Device Physics Laboratory at Chalmers.

To create their unconventional superconductoreyhstarted with what is calledtapological
insulator made of bismuth telluride, B&e;. A topologicainsulator conducts current in a very
specal way on the surface. The researchers placed a layer of aluminum, a conventional
superconductor, on top, which conducts current entirely without resistance at low temperatures.

"The superconducting pair of electrons then leak into the topological insubattich also becomes
superconducting," explains Thilo Bauch, associate professor in quantum device physics.

However, the initial measurements all indicated that they only had standard superconductivity
induced in the Bil'e; topological insulator. But whethey cooled the component down again later,
to routinely repeat some measurements, the situation suddenly chandbe characteristics of

the superconducting pairs of electrons varied in different directions.

"And that isn't compatible at all with convential superconductivity. Unexpected and exciting
things occurred,” says Lombardi.

Unlike other research teams, Lombardi's team used platinum to assemble the topological insulator
with the aluminum. Repeated cooling cycles gave rise to stresses in the ah&es image below),
which caused the superconductivity to change its properties. After an intensive period of analyses,
the researchers established that they had probably succeeded in creating a topological
superconductor.

"For practical applications, ¢hmaterial is mainly of interest to those attempting to build a
topologicalguantum computer. We want to explore the new physics hiddetnipological
superconductorst this is a new chapter in physics," Lombardi says.

The results were recently publishedNature Communicationis a study titled "Induced
unconventional superconductivity on the surface states gf &itopological insulator." [32]
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Routing photons with a topological photonic structure

A team of researchers at the University of Maryland has found a new way to route photons at the
micrometer scale without scattering by building a topological quantum optics interface. In their
paperpublished in the journabciencethe group describes their topological photonic structure,

how it works, and the ways they tested it. Alberto Amo with Université de Lill in Sffais a short
history of recent attempts to route photons at such a tiny scale and also outlines the work done by
the team at UM.

As Amo notes, scientists would like to be able to rqaitetons with precision at the micrometer
scale to create better integrateguantum optical circuitst a tendency of photons to scatter when
meeting with bends and splitters has inhibited progress. In this eféovt, the researchers have
gotten around this problem by taking a new approaaksing a semiconductor slab with triangular
holes arranged ihexagon patterns. The slab was fashioned into a lattice of hexageith larger
triangular holes on one side of the slab than the other. The routing occurred where the two types
of hexagons met.

The architecture of the slab createdige states where two photonic crystalmett the bands

touched and crossed over, producing edge states with energy between two crystal band gaps,
allowing aphoton to move between them without scattering. The arrangement of the hexagons
provided bandyaps next to one another from one side of the slab to the other, creating a channel
of sorts for the photons to travel. Photons were provided courtesyuafntum dots that were
embedded at border sitasfiring a laser at the quantum dots caused them to generate individual
photons, which then propagated along channels with no scattering. Photons that were of opposite
polarization propagated in opposite directions.

The key to successfully building the stuuret was noting what happened when the qguantum dots
were excited with a higlpowered laser focusing the lens on just one side of an edge caused the
emitted photon in the band gap to propagate without scattering. That led the team tetdime the

size of tke triangular holes and their distance from the center of their respective hexagons, allowing
for the creation of the channels. The work, Amo suggests, is a big step toward the implementation
of new kinds obptical circuits. [31]

New silicon chip for helping build quantum computers and securing

our information

Researchers at the University of Bristol's Quantum Engineering Technology Labs have
demonstrated a new type of silicon chip that can heljiding and testing quantum computers and
could find their way into your mobile phone to secure information.

Scientific effort worldwide is focused on attempting to use silicon photonics to
realisequantum technologies, such as supsecure communications, quantum super computers
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and new ways build increased sensftivsensors. Silicon photonic chips process information made
of light using an area millions of times smaller than if you were to try make the equivalent device
using individual lenses, mirrors and other optics.

Now, researchers at the University of Bridgtave made a breakthrough for silicon quantum
photonicg they have developed new type of aip detector capable of measuring quantum
mechanical behavior within the integrated chip architecture. This is a new tool for making sure
silicon photonic processs work the way they are designed and can themselves be used for other
tasks, such as generatimgndom numbers for cryptography, vital for the security industry, and as
an important part of new typesfmptical sensor.

PhD student Giacomo Ferranti explained, "The great thing about the detector is that it works at
room temperature. A lot of single photon detection requires cryogenics at ~4 Kelvin" (minus 270
degrees centigrade).

"While those cold detects have their own amazing benefits, they are currently expensive and
require large cryogenic fridges. Our detector is both small enough to sit on a human hair and can
work in normalroom temperature conditions."

One of the key applications that tletector has already been used for by the researchers is to
generate random numbers.

"The ability to generate truly random numbers with a machine, withoutlziag, is actually a very
difficult task" explains Francesco Raffaelli, another PhD student responsible for the project.
"Random numbers have all sorts of applications, but the one that interests me the most is its use
for cryptography and quantum cryptogphy. One day soon, | imagine these devices will be
routinely part of the micreprocessor on your desktop PC and in youbile phone to keep them
secure." [30]

Interference as a new method for cooling quantum devices
Theoretical physicists propose to use negative interference to control heat flow in quantum
devices. Their study has been publishe@lysical Review Letters

Quantum computer parts are sensitive and need to be cooled to veryemperatures. Their size
makes them particularly susceptible to temperature increases from the thermal noise in the
surrounding environment and that caused by other components nearby. Dr Shabir Barzanjeh, a
postdoc at the Institute of Science and Techngldaistria (IST Austria), together with Dr André
Xuereb from the University of Malta and Matteo Aquilina from the National Aerospace Centre in
Malta has proposed a novel method to keep quantum devices cool. Their theoretical approach
relies on quantum intderence.

Normally, if a hotter object is placed next to a cooler one, the heat can only flow from the hotter
object to the cooler one. Therefore, cooling an object that is already cooler than its surroundings
requires energy. A new method for cooling dothe elements of quantum devices such as qubits,
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the tiny building blocks of quantum computers, was now theoretically proven to work by a group of
physicists.

"Essentially, the device we are proposing works like a fridge. But here, we are using a quantum
mechanical principle to realize it," explains Shabir Barzanjeh, the lead author of the study and
postdoc in the research group of Professor Johannes Fink. In their paper, they studied how thermal
noise flows througlyuantum devices and they devised a method that can prevent the heat flow

to warm up the sensitive quantugtevice. They used a heat sink connected to both devices,

showing that it is possible to ctml its heat flow such that it cancels theeat coming from the

warm object directly to the cool one via spe@akntum interference.

"So far, researchers have focused on controlling the signal, but here, we study the noise. This is
quite different, because a signal is coherent, and the noise isn't." Concerning the practical
implementation of the mechanism that addset phase shift to théhermal noise, Shabir Barzanjeh
has some ideas, including a mechanical object that vibrates, or radiation pressure to control the
oscillation. "Now it is the time for experimentaBgo verify the theory,” he says. [29]

Learning to speak quantum

In a 1981 lecture, the famed physicist Richard Feynman wondered if a computer could ever
simulate the entire universe. The difficulty with this task is that, on the smallest scaleg)itlezse
operates under strange rules: Particles can be here and there at the same time; objects separated
by immense distances can influence each other instantaneously; the simple act of observing can
change the outcome of reality.
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Quantum computers

Feynman was imagining a quantum computer, a computer with bits that acted like the particles of
the quantum waold. Today, nearly 40 years later, such computers are starting to become a reality,
and they pose a unique opportunity for particle physicists.
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cannot simulate large entangled quantum systems. You have plenty of problems that we would like

to be able to solve accurately without making approximations that we wepevill be able to do
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Quantum computers allow for a more realistic representation of quantum processes. They take
advantage of a phenomenon known as superposition, in which a particle such as an electron exists
in a probabilististate spread across multiple locations at once.

Unlike a classical computer bit, which can be either on or off, a quantunobiqubitt can be on,
off, or a superposition of both on and off, allowing for computations to be performed
simultaneously insteadf sequentially.
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This not only speeds up computations; it makes currently impossible ones possible. A problem that
could effectively trap a normal computer in an infinite loop, testing possibility after possibility,

could be solved almost instantaneously a quantum computer. This processing speed could be

key for particle physicists, who wade through enormous amounts of data generated by detectors.

In the first demonstration of this potential, a team at CalTech recently used a type of quantum
computerOF £ £ SR | ljdzlt yidzy yySFft SN G2 GaNBRAaAO2GOSNE GKS
to the Standard Model of particle physics, gives mass to every other fundamental particle.

Scientists originally discovered the Higgs boson in 2012 using particleatstat the Large Hadron
Collider at CERN research center in Europe. They created Higgs bosons by converting the energy of
particle collisions temporarily into matter. Those temporary Higgs bosons quickly decayed,
converting their energy into other, mommmon particles, which the detectors were able to

measure.

Scientists identified the mass of the Higgs boson by adding up the masses of those less massive
particles, the decay products. But to do so, they needed to pick out which of gaoeles came

from the decay of Higgs bosons, and which ones came from something else. To a detector, a Higgs
boson decay can look remarkably similar to other, much more common decays.

LHC scientists trained a machine learning algorithm to find the Idiggal against the decay
background the needle in the haystack. This training process required a huge amount of
simulated data.

Physicist Maria Spiropulu, who was on the team that discovered the Higgs the first time around,
wanted to see if she could impve the process with quantum computing. The group she leads at
CalTech used a quantum computer from a company calé¢bide to train a similar machine

learning algorithm. They found that the quantum computer trained the machine learning algorithm
on a sigificantly smaller amount of data than the classical method required. In theory, this would
give the algorithm a head start, like giving someone looking for the needle in the haystack expert
training in spotting the glint of metal before turning their eyeshe hay.
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annealer, we have a hint that it can learn with small data, and if you learn with small data you can
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Some sciengits say it may take a decade or more to get to the point of using quantum computers
regularly in particle physics, but until then they will continue to make advances to enhance their
research.

Quantum sensors
Quantum mechanics is also disrupting anotherhtieology used in particle physics: the sensor, the
part of a particle detector that picks up the energy from a particle interaction.
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precise enough measurements to pick up individual quanta of energy, but a new type of quantum

sensor can.
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individual arrivals of each of these little packets of energy, but would instead measure a total flow
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Chou is taking advantagf these quantum sensors to probe the nature of dark matter. Using
technology originally developed for quantum computers, Chou and his team are building
ultrasensitive detectors for a type of theorized dark matter particle known as an axion.

& 2 S Q Nd§ oné bf thd qubit designs that was previously created for quantum computing and
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says.

For Spiropulu, these applications of quantum computers representeagant feedback system in

the progression of technology and scientific application. Basic research in physics led to the initial
transistors that fed the computer science revolution, which is now on the edge of transforming
basic research in physics.
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are using physics configurations and physics systems themselves to assist computer science to solve
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Researchers developing phase-change memory devices for more

powerful computing

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

Phasechange memory (PCM) devices have in recent years emerged as a&hanygng alternative

to computer randormaccess memory. Using heat to transform the states of material from
amorphots to crystalline, PCM chips are fast, use much less power and have the potential to scale
down to smaller chipg allowing the trajectory for smaller, more powerful computing to continue.
However, manufacturing PCM devices on a large scale with congigtelity and long endurance

has been a challenge.

"Everybody's trying to figure that out, and we want to understandghese change behavior
precisely," said Yujun Xie, a PhD candidate in Cha's ldeahduthor of the study. "That's one of
the biggest challenges fphase-change memory."

The work of the YakBM research team could help clear this hurdle. Using in situ transmission
electron mcroscopy (TEM) at the Yale Institute fetnosciencand Quantum Engineering (YINQE),
they observed the device's phase change and how it-tesdis" voids that is, empty spaces left by
the depletion ofmaterials caused by chemical segregation. These kinds of nanoscale voids have
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caused problems for previous PCM devices. Their results ehesdlhg of voids are published
in Advanced Materials

The standard PCM device has what's known as a mushroom seucthile the YaldBM team

used a confined PCM structure with a metallic lining to make it more robust. "The metallic liner
protects the material and reduces the resistance drift of the PCM, improving the whole
performance,” Xie said.

By observing the plsm-change process through TEM, the researchers saw how the PCM device's
selthealing properties come from a combination of the device's structure and the metallic lining,
which allow it to control the phasehange of the material.

Wanki Kim, an IBM resedrer who worked on the project, said the next step is possibljeteelop

a bipolar operation to switch the direction of voltage, which can control the chemical segregation.
In normal operation mode, the direction of voltage bias is always the sdiis. rext step could
prolong thedevice lifetime even further. [27]

New controls scale quantum chips

A fundamental barrier to scaling quantum computing machines is "qubit interference.” In new
researchpublished inScience Advancesngineers and physicists frdrigetti Computing describe

a breakthrough that can expand the size of practical quantum processors by reducing interference.

Matt Reagor, lead author ohe paper, says, "We've developed a technique that enables us to
reduce interference between qubits as we add more and more qubits to a chip, thus retaining the
ability to perform logical operations that are independent of the state of a (large) quantum
regster."

To explain the concept, the Rigetti team emplayse glasses as an analogy to qubits:

Clink a wine glass, and you will hear it ring at its resofiagtiency (usually around 400 Hz).
Likewise, soundwaves at that frequency will cause the same glass to vibrate. Different shapes or
amounts of liquid in a glass will produce different clinks, i.e. different resonance frequencies. A
clinked wine glass Witause identical, nearby glasses to vibrate. Glasses that are different shapes
are "offresonant glasses," meaning they will not vibrate much at all.

So, what's the relation between glasses and qubits?

Reagor explains that each physigabit on a superconducting quantum processor stores energy in

the form of an oscillating electric current. "Think of each qubit as a wine glass," he says. "The logical
state of a qubit (e.g. "0" or "1") is encoded by the statéotorresponding electric currents. In our
analogy, this is equivalent to whether or not a wine glass is vibrating."
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A highly successful class of entangling gates for superconducting qubits operates by tuning two or
more qubits into resonance with eaclther. At this tuning point, the "wine glasses" pick up on one
another's "vibrations."

This effect can be strong enough to produce significant, conditional vibration changes that can be
leveraged as conditional logic. Imagine pouring or siphoning off wame éne of the glasses to

make this tuning happen. With qubits, there are tunable circuit elements that fulfill the same
purpose.

"As we scale up quantum processors, there are more and more wine glasses to manage when
executing a specific conditional logjate," says Reagor. "Imagine lining up a handful of identical

glasses with increasing amounts of wine. Now we want to tune one glass into resonance with

another, without disturbing any of the other glasses. To do that, you could try to equalize

the wine levels of the glasses. But that transfer needs to be instantaneous to not shake the rest of

the glasses along the way. Let's say one glass has a resonance at one frequency (call it 400 Hz) while
another, nearby g@iss has a different one (e.g. 380 Hz). Now, we make use of a somewhat subtle
musical effect. We are actually going to fill and deplete one of the glasses repeatedly.”

He continues: "We repeat that filling operation at the difference frequency betweenltdsses
(here, 20 times per second, or 20 Hz). By doing so, we create -abkafor thisglass that is

exactly resonant with the other. Physicists sometimes call this a parametric processedbaopte

is "pure't it does not have frequency content that interferes with the other glasses. That's what
we have demonstrated in our recent work, where we navigated a complex-gigfit processor
with parametric twoequbit gates."

Reagor concludes: "Whithis analogy may sound somewhat fanciful, its mapping onto our specific
technology, from a mathematical standpoint, is surprisingly accur§2é]"

Controlling quantum interactions in a single material

The search and manipulation of novel propertserging from the quantum nature of matter
could lead to nexgeneration electronics and quantum computers. But finding or designing
materials that can host such quantum interactions is a difficult task.

"Harmonizing multipleguantum mechanical properties, which often do not coexist together, and
trying to do it by design is a highly complex challenge,” said Northwestern University's James
Rondinelli.

But Rondinelli and an international team of theoretical @odnputational researchers have done
just that. Not only have they demonstrated that multiple quantum interactions can coexist in a
single material, the team also discovered how an electric field can be used to control these
interactions to tune the materis properties.
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This breakthrough could enable ultrafast, kpewer electronics and quantum computers that
operate incredibly faster than current models in the areas of data acquisition, processing, and
exchange.

Supported by the US Army Research Offiggiodal Science Foundation of China, German
Research Foundation, and China's National Science Fund for Distinguished Young Scholars, the
research was published online today in the joundature Communicationgames Rondinelli, the
Morris E. Fine Juniordfessor in Materials and Manufacturing in Northwestern's McCormick
School of Engineering, and Cesare Franchini, professor of quandéiienials modeling at the
University of Vienna, are the paper's-correponding authors. Jiangang He, a postdoctoral fellow
at Northwestern, and Franchini served as the paper-irst authors.

Quantum mechanical interactions govern the capability of and speed with which electrons can
move through a material. This determinebether a material is a conductor or insulator. It also
controls whether or not the material exhibits ferroelectricity, or shows an electrical polarization.

"The possibility of accessing multiple order phases, which rely on different quameshanical
interactions in the same material, is a challenging fundamental issue and imperative for delivering
on the promises that quantum information sciences can offer," Franchini said.

Using computational simulations performed at the Vienna Scientific Clustereéime discovered
coexisting quantummechanical interactions in the compound sih@smuthoxide. Bismuth, a
posttransition metal, enables the spin of the electron to interact with its own matiarfeature

that has no analogy in classical physics. It atg&sdhot exhibit inversion symmetry, suggesting that
ferroelectricity should exist when the material is an electrical insulator. By applyiakgeinic

field to the material, researchers were able tontml whether the electron spins were coupled in
pairs (exhibiting Weylermions) or separated (exhibiting Raskdglitting) as well as whether the
system is electrically conductive or not.

"This is the first real case of a topological quantum transittomfa ferroelectric insulator to a nen
ferroelectric semimetal,” Franchini said. "This is like awakening a different kind of quantum
interactions that are quietly sleeping in the same house without knowing each other.” [25]

Scientists discover chiral pho nons in a 2-D semiconductor crystal

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

This rotation could become the building block for a new form of information technology, and for
the design of moleculascale rotors to drive microscopic motors and machines.

The monolayer material, tungsten diselenide (\WSis already welknown for its unusual ability to
sustain special electronic properties that are far more fleeting in othaterials.

It is considered a pmising candidate for a soughfter form of data storage known as
valleytronics, for example, in which the momentum and wavelike motion of electrons in a material
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can be sorted into opposite "valleys" in a material's electronic structure, with each & tradleys
representing the ones and zeroes in conventional binary data.

Modern electronics typically rely on manipulations of the charge of electrons to carry and store
information, though as electronics are increasingly miniaturized they are more stbjexiblems
associated with heat buildup and electric leaks.

The latest study, published online this week in the jouB@Ekenceprovides a possible path to
overcome these issues. It reports that some of the material's phonons, a term describingw®llecti
vibrations in atomic crystals, are naturally rotating in a certain direction.

This property is known as chiralitysimilar to a person’'s handedness where the left and right hand
are a mirror image of each other but not identical. Controlling the dioacdf this rotation would
provide a stable mechanism to carry and store information.

"Phonons in solids are usually regarded as the collective linear motion of atoms," said Xiang Zhang,
the corresponding author of the study and senior scientist of thedvlals Science Division at

Lawrence Berkeley National Laboratory and professor at UC Berkeley. "Our experiment discovered
a new type of secalled chiral phonons where atoms move in circles in an atomic monolayer crystal
of tungsten diselenide."
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longitudinal optical mode), selenium atoms exhibit a clockwise rotation while tungsten atoms stand
stll. MANR IKG 6a[! ¢ NBLKB&ERSYydGa | f2y3IAGdzZRAYI

Hanyu Zhu, the lead author of the study and a postdoctoral mesea at Zhang's group, said, "One
of the biggest advantage of chigghonon is that the rotation is locked with the particle's
momentum and not easily disturbed."

In the phonon mode studied, the selenium atoappear to collectively rotate in a clockwise
direction, while the tungsten atoms showed no motion. Researchers prepared a "sandwich" with
four sheets of centimetesized monolayer WSe2 samples placed between thin sapphire crystals.
They synced ultrafasasers to record the timeglependent motions.

The two laser sources converged on a spot on the samples measuring just 70 millionths of a meter
in diameter. One of the lasers was precisely switched between two different tuning modes to sense
the difference ofleft and right chiral phonon activity.

A sccalled pump laser produced visible, riight pulses that excited the samples, and a probe laser
produced midinfrared pulses that followed the first pump pulse within one trillionth of a second.
About one midinfrared photon in every 100 million is absorbed by WSe2 and converted to a chiral
phonon.

The researchers then captured the highergy luminescence from the sample, a signature of this
rare absorption event. Through this technique, known as transierdiiedt spectroscopy,
researchers not only confirmed the existence of a chiral phonon but also accurately obtained its
rotational frequency.

So far, the process only produces a small number of chiral phonons. A next step in the research will
be to generate leger numbers of rotating phonons, and to learn whether vigorous agitations in the
crystal can be used to flip the spin of electrons or to significantly alter the valley properties of the
material. Spin is an inherent property of an electron that can beigi of as its compass needje

if it could be flipped to point either north or south it could be used to convey information in a new
form of electronics called spintronics.

"The potential phonofbased control of electrons and spins for device applicatisnery exciting
and within reach," Zhu said. "We already proved that phonons are capable of switching the
electronic valley. In addition, this work allows the possibility of using the rotating atoms as little
magnets to guide the spin orientation."

The tiral properties found in the study likely exist across a wide rangelbfriaterials based on a
similar patterning in their atomic structure, Zhu also noted, adding that the study could guide

theoretical investigations of electrephonon interactions anthe design of materials to enhance

phononbased effects.

"The same principle works in al2periodic structures with threfold symmetry and inversion
asymmetry" Zhu said. "The same principle covers a huge family of natural materials, and there are
almog infinite possibilities for creating rotors at the molecular scaj24]

LJ
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New exotic phenomena seen in photonic crystals

Topological effects, such as those found in crystals whose surfaces conduct electricity while their
bulk does not, have been anating topic of physics research in recent years and were the subject
of the 2016 Nobel Prize in physics. Now, a team of researchers at MIT and elsewhere has found
novel topological phenomena in a different class of systemen systems, where energy or
material can enter or be emitted, as opposed to closed systems with no such exchange with the
outside.

This could open up some new realms of basic physics research, the team says, and might ultimately
lead to new kinds of lasers and other technologies.

The esults are being reported this week in the jour&aiencein a paper by recent MIT graduate

Hengyun "Harry" Zhou, MIT visiting scholar Chao Peng (a professor at Peking University), MIT

graduate student Yoseob Yoon, recent MIT graduates Bo Zhen and @ihisiy MIT Professor
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Dewey Professor of Chemistry Keith Nelson, and the Lawrence C. and Sarah W. Biedenharn Career
Development Assistant Professor Liang Fu.
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in physics terms, these are known as #dermitian systents were not studied much in

experimental work. The complexities involved in measuring or analphiegomena in which

energy or matter can be added or lost through radiation generally make these systems more

difficult to study and analyze in a controlled fashion.

But in this work, the team used a method that made these open systems accessible, andiide f
interesting topological properties in these néfermitian systems," Zhou says. In particular, they
found two specific kinds of effects that are distinctive topological signatures eHaomitian

systems. One of these is a kind of band feature thésri® as a bulk Fermi arc, and the other is an
unusual kind of changing polarization, or orientation of light waves, emitted by the photonic crystal
used for the study.

Photonic crystals are materials in which billions of very precisely shapearigmted tiny holes are
made, causing light to interact in unusual ways with the material. Such crystals have been actively
studied for the exotic interactions they induce between light and matter, which hold the potential
for new kinds of lighbased compting systems or lighemitting devices. But while much of this
research has been done using closed, Hermitian systems, most of the potentiabirégl

applications involve open systems, so the new observations made by this team could open up
whole new aeas of research, the researchers say.

Fermi arcs, one of the unique phenomena the team found, defy the common intuition that energy
contours are necessarily closed curves. They have been observed before in closed systems, but in
those systems they alwaysrin on the twedimensional surfaces of a threBmensional system. In

the new work, for the first time, the researchers found a Fermi arc that resides in the bulk of a



system. This bulk Fermi arc connects two points in the emission directions, whictoane &a
exceptional points another characteristic of open topological systems.

The other phenomenon they observed consists of a field of light in which the polarization changes
according to the emission direction, gradually forming a-twai$t as one follavs the direction

along a loop and returns back to the starting point. "As you go around this crystal, the polarization
of the light actually flips,” Zhou says.

This haHtwist is analogous to a Mdbius strip, he explains, in which a strip of paper isdveisial

turn before connecting it to its other end, creating a band that has only one side. This Mi&bius
twist in light polarization, Zhen says, could in theory lead to new ways of increasing the amount of
data that could be sent through fibemptic inks.
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that "now we have this very interesting technique to probe the properties oflHermitian

systems." But there is also a possibility that the workymtimately lead to new devices, including

new kinds of lasers or ligtgmitting devices, they say.

The new findings were made possibledaylier research by many of the same team members, in
which they found a way to use light scattered from a photonic crystal to produce direct images that
reveal the energy contours of the material, rather than having to calculate those contours
indirectly.

"We had a hunie" that such haHtwist behavior was possible and could be "quite interesting,"
{2t2F6A0 aleéasx odzi I OddzZftte FAYRAYI Al NBIdzAi NBR
it happen?"

"Perhaps the most ingenious aspect of this work is thataththors use the fact that their system

must necessarily lose photons, which is usually an obstacle and annoyance, to access new

topological physics," says Mikael Rechtsman, an assistant professor of physics at Pennsylvania State
University whowas notindo@SR Ay GKA& g2N] @ h2AdKz2dzi GKS f2aa
complex 3D fabrication methods that likely would not have been possible.” In other words, he

says, the technique they developed "gave them accessRgBysics that would have been

conventionally thought impossible.” [23]

Photonic crystals reveal their internal characteristics with new method
A new technique developed by MIT researchers reveals the inner details of photonic crystals,
synthetic materials whose exotic optical propestiare the subject of widespread research.

Photonic crystals are generally made by drilling millions of closely spaced, minuscule holes in a slab
of transparent material, using variations of microcféprication methods. Depending on the exact
orientation, size, and spacing of these holes, these materials can exhibit a variety of peculiar optical
properties, including "superlensing,” which allows for magnification that pushes beyond the

normal theoretical limits, and "negative refraction,” in which lighbent in a direction opposite to

its path through normal transparent materials.

NJ
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But to understand exactly how light of various colors and from various directions moves through
photonic crystals requires extremely complex calculations. Researchers often use highly simplified
approaches; for example they may only calculate the behafitight along a single direction or

for a single color.

Instead, the new technique makes the full range of information directly visible. Researchers can
use a straightforward laboratory setup to display the informaticapattern of secalled "ise

frequercy contourst in a graphical form that can be simply photographed and examined, in many
cases eliminating the need for calculations. The method is described this week in the journal
Science Advances, in a paper by MIT postdoc Bo Zhen, recent Welleslgg Qalttuate and MIT
affiliate Emma Regan, MIT professors of physics Marin Soljacic and John Joannopoulos, and four
others.

The discovery of this new technique, Zhen explains, came about by looking closely at a
phenomenon that the researchers had noticattleeven made use of for years, but whose origins
they hadn't previously understood. Patterns of scattered light seemed to fan out from samples of
photonic materials when the samples were illuminated by laser light. The scattering was surprising,
since theunderlying crystalline structure was fabricated to be almost perfect in these materials.

"When we would try to do a lasing measurement, we would always see this pattern," Zhen says.
"We saw this shape, but we didn't know what was happening." But it djglthem to get their
experimental setup properly aligned, because the scattered light pattern would appear as soon as
the laser beam was properly lined up with the crystal. Upon careful analysis, they realized the
scattering patterns were generated by tidgfects in the crystal holes that were not perfectly

round in shape or that were slightly tapered from one end to the other.

"There is fabrication disorder even in the best samples that can be made," Regan says. "People
think that the scattering would beery weak, because the sample is nearly perfect," but it turns

out that at certain angles and frequencies, the light scatters very strongly; as much as 50 percent of
the incoming light can be scattered. By illuminating the sample in turn with a sequéddécent

colors, it is possible to build up a full display of the relative paths light beams take, all across the
visible spectrum. The scattered light produces a direct view of th&éspiency contours a sort

of topographic map of the way light bearo&different colors bend as they pass through the

photonic crystal.

"This is a very beautiful, very direct way to observe thefiequency contours," Soljacic says. "You
just shine light at the sample, with the right direction and frequency," and wbiaies out is a
direct image of the needed information, he says.

The finding could potentially be useful for a number of different applications, the team says. For
example, it could lead to a way of making large, transparent display screens, where most ligh
would pass straight through as if through a window, but light of specific frequencies would be
scattered to produce a clear image on the screen. Or, the method could be used to make private
displays that would only be visible to the person directly amfrof the screen.

Because it relies on imperfections in the fabrication of the crystal, this method could also be used
as a qualitycontrol measure for manufacturing of such materials; the images provide an indication



of not only the total amount of impections, but also their specific naturghat is, whether the
dominant disorder in the sample comes from noncircular holes or etches that aren't strasght
that the process can be tuned and improved.

The team also included researchers at MIT Reseatwdratory of Electronics, including Yuichi

Igarashi (now at NEC Corporation in Japan), Ido Kaminer, Chia Wei Hsu (now at Yale University),
and

Yichen Shen. The work was supported by the Army Research Office through the Institute for Soldier
Nanotechnologies at MIT, and by the U.S. Department of Energy through S3TEC, an Energy Frontier
Center. [22]

New tabletop technique probes outermost electrons of atoms deep

inside solids
It may be unwise to judge a book by its cover, but you can tetl@out a material from the
outermost electrons in its atoms.

"These outermost electrons, known as valence electrons, are the most important players in

forming chemical bonds and actually define almost every property of acel&ttrical, thermal,
conductive,” said Shambhu Ghimire, an associate staff scientist at the Department of Energy's SLAC
National Accelerator Laboratory.

Now Ghimire and two colleagues at the Stanford PULSE Institute have invented a new way to
probe the valence electrons of atts deep inside a crystalline solid.

In a report today in Nature Physics, they describe using laser light to excite some of the valence
electrons, steer them around inside the crystal and bounce them off other atoms. This produces
high-energy bursts of ligt that are invisible to our eyes, but carry clues to the material's atomic
structure and function.

"This will change the world of imaging the inside of crystalline solids," Ghimire said, "much as
scanning tunneling microscopy, or STM, changed the atspdle imaging of surfaces."

A New Way to Look at Atoms in Solids

Invented in the early 1980s, STM was a revolutionary method that allowed scientists to make the
first images of individual atoms and their bonds. It was honored with the 1986 Nobel Prize in
physics.

But STM senses valence electrons from only the top two or three layers of atoms in a material. A
flow of those electrons into the instrument's tip creates a current that allows it to measure the
distance between the tip and the surface, tracthg bumps where atoms poke up and the valleys
between them. This creates an image of the atoms and yields information about the bonds that
hold them together.

Now the new technique will give scientists the same level of access to the valence electrpns dee
inside the solid.



The experiments, carried out in a SLAC laser lab by PULSE postdoctoral researcher Yong Sing You,
involved crystals of magnesium oxide or magnesia, a common mineral used to make cement,
preserve library books and clean up contaminatei, @mong a host of other things.

These crystals also have the ability to shift incoming laser light to much shorter wavelengths and
higher energieg much as pressing down on a guitar string produces a highergibt®ugh a
process called high harmangeneration, or HHG.

Steering Electrons to Generate Light

In this case, the scientists carefully adjusted the incoming infrared laser beam so it would excite
valence electrons in the crystal's oxygen atoms. Those electrons oscillated, like vibraéng gui
strings, and generated light of much shorter wavelengtisthe extreme ultraviolet range

through HHG.

But when they adjusted the polarization of the laser beam to steer the excited electrons along
different trajectories within the crystal, theyistovered that HHG only took place when an electron
hit a neighboring atom, and was most efficient when it hit the atom dead center. Further, the
wavelength of the harmonically generated light coming Quthich was 13 to 21 times shorter

than the light that went in¢ revealed the density of the neighboring atom's valence electrons, the
size of the atom and even whether it was an atom of oxygen or magnesium.

"It's difficult to home in on the valence electrons with current methods of measuring electron

chamge density, which typically usery or electron diffraction,” said study @wuthor David Reis,

an associate professor at SLAC and Stanford and deputy director of PULSE. "So demonstrating that
we can do that with atomiscale sensitivity in a tabletop kxsexperiment is an important

milestone."

Alan Fry, division director for laser science and technology at SLAC's Linac Coherent Light Source
Xray laser, was not involved in the experiment but offered kudos "to the team that developed this
technigue and wh continue to do exciting and interesting research with it."

While this approach may be limited to materials that can generate light through HHG, he said, "it
can still tell you a lot about the electronic structure inside those solids, and in princighk give

us a better understanding of other materials that don't have same response. Understanding simple
systems like this builds a foundation for understanding more complex systems." [21]

X-ray laser glimpses how electrons dance with atomic nuclei in

materials

From hard to malleable, from transparent to opaque, from channeling electricity to blocking it:
Materials come in all types. A number of their intriguing properties originate in the way a
material's electrons "dance" with its lattice of atomic feicwhich is also in constant motion due
to vibrations known as phonons.

This coupling between electrons and phonons determines how efficiently solar cells convert
sunlight into electricity. It also plays key roles in superconductors that transfer electricity without



losses, topological insulators that conduct electricity amiytheir surfaces, materials that
drastically change their electrical resistance when exposed to a magnetic field, and more.

At the Department of Energy's SLAC National Accelerator Laboratory, scientists can study these
coupled motions in unprecedented &l with the world's most powerful Xay laser, the Linac
Coherent Light Source (LCLS). LCLS is a DOE Office of Science User Facility.

"It has been a longtanding goal to understand, initiate and control these unusual behaviors," says
LCLS Director Mikeunne. "With LCLS we are now able to see what happens in these materials and
to model complex electrophonon interactions. This ability is central to the lab's mission of
developing new materials for nexgeneration electronics and energy solutions."

LQ@.S works like an extraordinary strobe light: Its ultrabrighayé take snapshots of materials with
atomic resolution and capture motions as fast as a few femtoseconds, or millionths of a billionth of
a second. For comparison, one femtosecond is to argkadat seven minutes is to the age of the
universe.

Two recent studies made use of these capabilities to study elegh@mon interactions in lead
telluride, a material that excels at converting heat into electricity, and chromium, which at low
temperatures has peculiar properties similar to those of higlhmperature superconductors.

Turning Heat into Electricity and Vice Versa

Lead telluride, a compound of the chemical elements lead and tellurium, is of interest because it is
a good thermoelectrict lgenerates an electrical voltage when two opposite sides of the material
have different temperatures.

"This property is used to power NASA space missions like the Mars rover Curiosity and to convert
waste heat into electricity in highnd cars,"” says M&mno Trigo, a staff scientist at the Stanford
PULSE Institute and the Stanford Institute for Materials and Energy Sciences (SIMES), both joint
institutes of Stanford University and SLAC. "The effect also works in the opposite direction: An
electrical volt@e applied across the material creates a temperature difference, which can be
exploited in thermoelectric cooling devices."

Mason Jiang, a recent graduate student at Stanford, PULSE and SIMES, says, "Lead telluride is
exceptionally good at this. It has dwmportant qualities: It's a bad thermal conductor, so it keeps
heat from flowing from one side to the other, and it's also a good electrical conductor, so it can
turn the temperature difference into an electric current. The coupling between lattice tidiois
caused by heat, and electron motions is therefore very important in this system. With our study at
LCLS, we wanted to understand what's naturally going on in this material."

In their experiment, the researchers excited electrons in a lead tellsadeple with a brief pulse
of infrared laser light, and then used LCLS'ay% to determine how this burst of energy
stimulated lattice vibrations.

"Lead telluride sits at the precipice of a coupled electronic and structural transformation," says
principal investigator David Reis from PULSE, SIMES and Stanford.



"It has a tendency to distort without fully transformigan instability that is thought to play an
important role in its thermoelectric behavior. With our method we can study the forces enolv
and literally watch them change in response to the infrared laser pulse.”

The scientists found that the light pulse excites particular electronic states that are responsible for
this instability through electrophonon coupling. The excited electronalslize the material by
weakening certain longange forces that were previously associated with the material's low
thermal conductivity.

"The light pulse actually walks the material back from the brink of instability, making it a worse
thermoelectric," Reis says. "This implies that the reverse is alsq theg stronger longrange
forces lead to better thermoelectric behavior."

The reseechers hope their results, published July 22 in Nature Communications, will help them
find other thermoelectric materials that are more abundant and less toxic than lead telluride.

Controlling Materials by Stimulating Charged Waves

The second study lookeat charge density wavesalternating areas of high and low electron
density across the nuclear latticghat occur in materials that abruptly change their behavior at a
certain threshold. This includes transitions from insulator to conductor, normmedwzior to
superconductor, and from one magnetic state to another.

These waves don't actually travel through the material; they are stationary, like icy waves near the
shoreline of a frozen lake.

"Charge density waves have been observed in a numbeterkisting materials, and establishing
their connection to material properties is a very hot research topic," says Andrej Singer, a
postdoctoral fellow in Oleg Shpyrko's lab at the University of California, San Diego. "We've now
shown that there is a waytenhance charge density waves in crystals of chromium using laser
light, and this method could potentially also be used to tweak the properties of other materials."

This could mean, for example, that scientists might be able to switch a material frormaln
conductor to a superconductor with a single flash of light. Singer and his colleagues reported their
results on July 25 in Physical Review Letters.

The research team used the chemical element chromium as a simple model system to study charge
densitywaves, which form when the crystal is cooled to about minus 280 degrees Fahrenheit. They
stimulated the chilled crystal with pulses of optical laser light and then used k@i Pses to

observe how this stimulation changed the amplitude, or heighthefcharge density waves.

"We found that the amplitude increased by up to 30 percent immediately after the laser pulse,"

Singer says. "The amplitude then oscillated, becoming smaller and larger over a period of 450

femtoseconds, and it kept going when wept hitting the sample with laser pulses. LCLS provides
unique opportunities to study such process because it allows us to take ultrafast movies of the

related structural changes in the lattice.”

Based on their results, the researchers suggested a nmémingfor the amplitude enhancement:
The light pulse interrupts the electrgphonon interactions in the material, causing the lattice to



vibrate. Shortly after the pulse, these interactions form again, which boosts the amplitude of the
vibrations, like a pedulum that swings farther out when it receives an extra push.

A Bright Future for Studies of the Electron -Phonon Dance
Studies like these have a high priority in salidte physics and materials science because they
could pave the way for new matelaand provide new ways to control material properties.

With its 120 ultrabright Xay pulses per second, LCLS reveals the ele@inonon dance with
unprecedented detail. More breakthroughs in the field are on the horizon with-LGlaS
nextgeneration Xay laser under construction at SLAC that will firaaup million Xray flashes per
second and will be 10,000 times brighter than LCLS.

"LCLSI will drastically increase our chances of capturing these processes," Dunne says. "Since it
will also reveal subtle electrephonon signals with much higher resaar, we'll be able to study
these interactions in much greater detail than we can now." [20]

A 'nonlinear' effect that seemingly turns materials transparent is seen

for the first time in X -rays at SLAC's LCLS

Imagine getting a medicalidy that comes oublankg as if your bones had vanished. That's what
happened when scientists cranked up the intensity of the world's firstydaser, at the

Department of Energy's SLAC National Accelerator Laboratory, to get a better look at a sample they
were studying The Xrays seemed to go right through it as if it were not there.

This result was so weird that the leader of the experiment, SLAC Professor Joachim Stohr, devoted
the next three years to developing a theory that explains why it happened. Now his &&am h
published a paper in Physical Review Letters describing the 2012 experiment for the first time.

What they saw was a stalled nonlinear effect where more than one photon, or particle -0
light, enters a sample at the same time, and they team upaigse unexpected things to happen.

"In this case, the Xays wiggled electrons in the sample and made them emit a new beannaykX
that was identical to the one that went in," said Stdhr, who is an investigator with the Stanford
Institute for Materialsand Energy Sciences at SLAC. "It continued along the same path and hit a
detector. So from the outside, it looked like a single beam went straight through and the sample
was completely transparent.”

This effect, called "stimulated scattering," had nelieen seen in Xays before. In fact, it took an
extremely intense beam from SLAC's Linac Coherent Light Source (LCLS), which is a billion times
brighter than any ay source before it, to make this happen.

A Milestone in Understanding How Light Interacts  with Matter
The observation is a milestone in the quest to understand how light interacts with matter, Stohr
said.

"What will we do with it? | think we're just starting to learn. This is a new phenomenon and | don't
want to speculate,” he said. "Butapens the door to controlling the electrons that are closest to



the core of atomg; boosting them into higher orbitals, and driving them back down in a very
controlled manner, and doing this over and over again."

Nonlinear optical effects are nothing nelhey were discovered in the1960s with the invention of
the laserg the first source of light so bright that it could send more than one photon into a sample
at a time, triggering responses that seemed all out of proportion to the amount of light energy
going in. Scientists use these effects to shift laser light to much higher energies and focus optical
microscopes on much smaller objects than anyone had thought possible.

The 2009 opening of LCLS as a DOE Office of Science User Facility introduced another
fundamentally new tool, the Xay freeelectron laser, and scientists have spent a lot of time since
then figuring out exactly what it can do. For instance, a Sed&am recently published the first
report of nonlinear effects produced by its brilligmilses.

"The Xray laser is really a quantum leap, the equivalent of going from a light bulb to an optical
laser,” Stohr said. "So it's not just that you have morays. The interaction of the-bays with the
sample is very different, and there are efte you could never see at other types efay light
sources."

A Most Puzzling Result

Stohr stumbled on this latest discovery by accident. Then director of LCLS, he was working with
Andreas Scherz, a SLAC staff scientist, who is now with thesapen European XFEL in Hamburg,
Germany, and Stanford graduate student Benny Wu to look at the fine structure of a common
magnetic material used in data storage.

To enhance the contrast of their image, they tuned the LCLS beam to a wavelength that would
resanate with cobalt atoms in the sample and amplify the signal in their detector. The initial results
looked great. So they turned up the intensity of the laser beam in the hope of making the images
even sharper.

That's when the speckled pattern they'd beseeing in their detector went blank, as if the sample
had disappeared.

"We thought maybe we had missed the sample, so we checked the alignment and tried again,"
Stohrsaid. "But it kept happening. We knew this was stragdjeat there was something here that
needed to be understood.”

Stohr is an experimentalist, not a theorist, but he was determined to find answers. He and Scherz
dove deeply into the scientific literare. Meanwhile Wu finished his PhD thesis, which described
the experiment and its unexpected result, and went on to a job in industry. But the team held off
on publishing their experimental results in a scientific journal until they could explain what
happened. Stohr and Scherz published their explanation last fall in Physical Review Letters.

"We are developing a whole new field of nonlineara)} science, and our study is just one building
block in this field," Stéhr said. "We are basically opening Rawlbox, learning about all the
different nonlinear effects, and eventually some of those will turn out to be more important than
others." [19]



Researchers use quantum dots to manipulate light

Leiden physicists have manipulated light with large arifiaioms, secalled quantum dots. Before,
this has only been accomplished with actual atoms. It is an important step towardaght
quantum technology. The study was published on August 30th in Nature Communications.

When you point a laser pointer #ie screen during a presentation, an immense number of light
particles races through the air at a billion kilometers per hour. They don't travel in a continuous
flow, but in packages containing varying numbers of particles. Sometimes as many asdalgdso
photons pass by, and other times none at all. You won't notice this during your presentation, but
for light-based quantum technology, it is crucial that scientists have control over the number of
photons per package.

Quantum dots

In theory, you can mamnipulate photons with real individual atoms, but because of their small size, it
is extremely hard to work with them. Now, Leiden physicists have discovered that the same
principle goes for large artificial atomso-called quantum dots that are much easieto handle.

In fact, they managed to filter light beams with one photon per package out of a laser. "Another big
advantage of quantum dots is that the system already works within nanoseconds," says first author
Henk Snijders. "With atomic systems, you eie@aicroseconds, so a thousand times longer. This

way, we can manipulate photons much faster."

Quantum cryptography

The ultimate goal for the research group led by Prof. Dirk Bouwmeester is to entangle many
photons using quantum dots. This is essent@l eixample, in techniques like quantum
cryptography. Snijders: "This research shows that we are already able to manipulate individual
photons with our system. And the beauty is that in principle, we don't need large experimental
setups. We can just integiaour quantum dots in small microchips." [18]

‘Artificial atom' created in graphene

In a tiny quantum prison, electrons behave quite differently as compared to their counterparts in
free space. They can only occupy discrete energy levels, much liketteons in an atormfor

this reason, such electron prisons are often called "artificial atoms". Artificial atoms may also
feature properties beyond those of conventional ones, with the potential for many applications for
example in quantum computing. Suadditional properties have now been shown for artificial

atoms in the carbon material graphene. The results have been published in the journal Nano
Letters, the project was a collaboration of scientists from TU Wien (Vienna, Austria), RWTH Aachen
(Germany) and the University of Manchester (GB).

Building Artificial Atoms

"Artificial atoms open up new, exciting possibilities, because we can directly tune their properties”,
says Professor Joachim Burgddérfer (TU Wien, Vienna). In semiconductor matehias giallium
arsenide, trapping electrons in tiny confinements has already been shown to be possible. These
structures are often referred to as "quantum dots". Just like in an atom, where the electrons can
only circle the nucleus on certain orbits, elexts in these quantum dots are forced into discrete
guantum states.



Even more interesting possibilities are opened up by using graphene, a material consisting of a
single layer of carbon atoms, which has attracted a lot of attention in the last few years. "In most
materials, electrons may occupy two different quantum staé a given energy. The high

symmetry of the graphene lattice allows for four different quantum states. This opens up new
pathways for quantum information processing and storage" explains Florian Libisch from TU Wien.
However, creating weltontrolled arificial atoms in graphene turned out to be extremely
challenging.

Cutting edge is not enough

There are different ways of creating artificial atoms: The simplest one is putting electrons into tiny
flakes, cut out of a thin layer of the material. Whilestorks for graphene, the symmetry of the
material is broken by the edges of the flake which can never be perfectly smooth. Consequently,
the special foufold multiplicity of states in graphene is reduced to the conventionatwad one.

Therefore, diferent ways had to be found: It is not necessary to use small graphene flakes to
capture electrons. Using clever combinations of electrical and magnetic fields is a much better
option. With the tip of a scanning tunnelling microscope, an electric fielbeaapplied locally.

That way, a tiny region is created within the graphene surface, in which low energy electrons can
be trapped. At the same time, the electrons are forced into tiny circular orbits by applying a
magnetic field. "If we would only use areetric field, quantum effects allow the electrons to

quickly leave the trap" explains Libisch.

The artificial atoms were measured at the RWTH Aachen by Nils Freitag and Peteflheraes

the group of Professor Markus Morgenstern. Simulations and theademodels were developed

at TU Wien (Vienna) by Larisa Chizhova, Florian Libisch and Joachim Burgdérfer. The exceptionally
clean graphene sample came from the team around Andre Geim and Kostya Novoselov from
Manchester (GB)these two researchers wer@varded the Nobel Prize in 2010 for creating

graphene sheets for the first time.

The new artificial atoms now open up new possibilities for many quantum technological
experiments: "Four localized electron states with the same energy allow for switchiwgdoe
different quantum states to store information”, says Joachim Burgdérfer. The electrons can
preserve arbitrary superpositions for a long time, ideal properties for quantum computers. In
addition, the new method has the big advantage of scalabilighduld be possible to fit many
such artificial atoms on a small chip in order to use them for quantum information applications.
[17]

Two atoms in an optical cavity can absorb one photon

When two atoms are placed in a small chamber enclosed by mirrors, they can simultaneously
absorb a single photon. So says an international team of researchers, which has found that the
reverse procesg two excited atoms emitting a single photaris alsopossible. According to the
team, this process could be used to transmit information in a quantum circuit or computer.

Physicists have long known that a single atom can absorb or emit two photons simultaneously.
These twephoton, oneatom processes are waidly used for spectroscopy and for the production of
entangled photons used in qguantum devices. However, Salvatore Savasta of the University of



Messina in Italy, together with colleagues at the RIKEN Institute in Japan, wondered if two atoms
could absorb oa photon. Savasta asked his PhD student at the time, Luigi Garziano, to simulate
the process. When Garziano's simulation showed that the phenomenon was possible, Savasta was
so excited that he "punched the wall," he told physicsworld.com.

One for two?

Their simulation found that the phenomenon occurs when the resonant frequency of the optical
cavity containing the atoms is twice the transition frequency of an individual atom. For example, in
a cavity whose resonant frequency is three times that of theratdransition, three atoms can
simultaneously absorb or emit a single photon. The optieaity's dimensions are determined by
this resonant frequency, which must be a standing wave. According to the researchers'
calculations, the two atoms would osciltsback and forth between their ground and excited
states. Indeed, the atoms would first jointly absorb the photon, ending up in their excited states,
before jointly emitting a single photon to return to their ground states. The cycle would then
repeat. Inaddition, they found that the joint absorption and emission can occur with more than
just two atoms.

Quantum switch

A two-atom, onephoton system could be used as a switch to transmit information in a quantum
circuit, Savasta says. One atom would aa gsibit, encoding information as a superposition of

the ground and excited states. To transmit the information outside of the cavity, the qubit would
need to transfer the information to a photon in the cavity. The second atom would be used to
control wheher the qubit transmits the information. If the second atom's transition frequency is
tuned to half the resonance frequency of the cavity, the two atoms could jointly absorb and emit a
single photon, which would contain the encoded information to be traittsioh

To ensure that the atoms do not-asorb the photon, the atom's resonant frequency can be
changed by applying an external magnetic field.

Savasta's group has begun to look for experimental collaborators to produce its theoretical
prediction in he lab. While the experiment could be performed using actual atoms, Savasta plans
to use artificial atoms: superconducting particles that have quantized energy levels and behave
analogously as atoms, but whose transition energies can be more easily turted b
experimentalist. In addition, controlling real atoms involves expensive technology, while artificial
atoms can be created cheaply on sedidte chips. "Real atoms are only good for probprinciple
experiments,” he says.

Savasta anticipates th#teir collaborators will be able to successfully perform the experiment in
about a year. "We think that, especially if using superconducting qubits, that this experiment is
well within the reach of present technology," he says.

According to Tatjana Wilk the Max Planck Institute for Quantum Optics in Garching, who was not
involved in the current research, speaking to the American Physical Society's Physics Focus, she
cautions that the excited states of the atoms may not last long enough to be usefubirtual
quantum device.

The research is published in Physical Review Letters. [16]



Quantum processor for single photons

"Nothing is impossible!" In line with this motto, physicists from the Quantum Dynamics Division of
Professor Gerhard Rempe (direcairthe Max Planck Institute of Quantum Optics) managed to
realise a quantum logic gate in which two light quanta are the main actors. The difficulty of such an
endeavour is that photons usually do not interact at all but pass each other undisturbed. This
makes them ideal for the transmission of quantum information, but less suited for its processing.
The scientists overcame this steep hurdle by bringing an ancillary third particle into play: a single
atom trapped inside an optical resonator that takes be tole of a mediator. "The distinct feature

of our gate implementation is that the interaction between the photons is deterministic”, explains
Dr. Stephan Ritter. "This is essential for future, more complex applications like scalable quantum
computers orglobal quantum networks."

In all modern computers, data processing is based on information being kinded and then
processed using logical operations. This is done usktglid logic gates which assign predefined
output values to each input via daiministic protocols. Likewise, for the information processing in
quantum computers, quantum logic gates are the key elements. To realise a universal quantum
computer, it is necessary that every input quantum bit can cause a maximal change of the other
quantum bits. The practical difficulty lies in the special nature of quantum information: in contrast
to classical bits, it cannot be copied. Therefore, classical methods for error correction cannot be
applied, and the gate must function for every single mmothat carries information.

Because of the special importance of photons as information cagitnsexample, for
communicating quantum information in extended quantum netwaogkke realisation of a
deterministic photorphoton gate has been a lorgjanding goal. One of several possibilities to
encode photonic quantum bits is the use of polarisation states of single photons. Then the states
"0" and "1" of a classical bit correspond to two orthogonal polarisation states. In theheton

gate, the polaisation of each photon can influence the polarisation of the other photon. As in the
classical logic gate it is specified beforehand which input polarisation leads to which output
polarisation. For example, a linear polarisation of the second photonasaaby 90° if the first

one is in the logic state "1", and remains unchanged if the first one is in "0". In contrast to classical
logic gates, which would be fully specified by such a description, a quantum gate can take on an
infinite number of possibléput states. The quantum logic gate has to create the correct
combination of output states for each one of these.

In the experiment presented here two independently polarised photons impinge, in quick
succession, onto a resonator which is made of twdnéflectivity mirrors.

Inside a single rubidium atom is trapped forming a strongly coupled system with the resonator. The
resonator amplifies the light field of the impinging photon at the position of the atom enabling a
direct atomphoton interaction.As a result, the atomic state gets manipulated by the photon just

as it is being reflected from the mirror. This change is sensed by the second photon when it arrives
at the mirror shortly thereafter.

After their reflection, both photons are stored in &2%kilometre-long optical fibre for some
microseconds. Meanwhile, the atomic state is measured. A rotation of the first photon's
polarisation conditioned on the outcome of the measurement enables the back action of the



second photon on the first one. "The&o photons are never at the same place at the same time
and thus they do not see each other directly. Nevertheless, we achieve a maximal interaction
between them", explains Bastian Hacker, PhD student at the experiment.

The scientists could prove expeemtally that¢ depending on the choice of the photons'
polarisations; either the first photon affects the second or vice versa. To this end, they measured
the polarisation states of the two outgoing photons for different input states. From these, they
gererated "truth tables” which correspond to the expected gate operations and thus demonstrate
the diverse operational modes of the photgioton gate.

The case when the input polarisation of the two photons is chosen such that they influence each
other is d particular interest: Here the two outgoing photons form an entangled pair. "The
possibility to generate entanglement fundamentally distinguishes a quantum gate from its classical
counterpart. One of the applications of entangled photons is in the tetagion of quantum

states”, explains Stephan Welte, PhD student at the experiment.

The scientists envision that the new photphoton gate could pave the way towards-afitical
quantum information processing. "The distribution of photons via an opticahtjum network

would allow linking any number of network nodes and thus enable the setup of a scalable optical
quantum computer in which the photephoton gate plays the role of a central processing unit
(CPU)", explains Professor Gerhard Rempe. [15]

The path to perfection: Quantum dots in electrically -controlled cavities

yield bright, nearly identical photons

Optical quantum technologies are based on the interactions of atoms and photons at the
singlepaticle level, and so require sources of single photons that are highly indistinguishtiaie

is, as identical as possible. Current sigglieton sources using semiconductor quantum dots

inserted into photonic structures produce photons that are ultrghtibut have limited
indistinguishability due to charge noise, which results in a fluctuating electric field. Conversely,
parametric down conversion sources yield photons that while being highly indistinguishable have
very low brightness. Recently, howeyscientists at CNR®niversité ParisSaclay, Marcoussis,
France; Université Paris Diderot, Paris, France; University of Queensland, Brisbane, Australia; and
Université Grenoble Alpes, CNRS, Institut Néel, Grenoble, France; have developed devices made of
quantum dots in electricallycontrolled cavities that provide large numbers of highly
indistinguishable photons with strongly reduced charge noise that are 20 times brighter than any
source of equal quality. The researchers state that by demonstratirgiegffigeneration of a pure
single photon with neaunity indistinguishability, their novel approach promises significant
advances in optical quantum technology complexity and scalability.

Dr. Pascale Senellart and Phys.org discussed the paperoptiaal singlephoton sources in the

solid state, that she and her colleagues published in Nature Photonics, which reports the design
and fabrication of the first optoelectronic devices made of quantum dots in electrically controlled
cavities that provide brighgource generating nearnity indistinguishability and pure single

photons. "The ideal single photon source is a device that produces light pulses, each of them
containing exactly one, and no more than one, photon. Moreover, all the photons should be
identical in spatial shape, wavelength, polarization, and a spectrum that is the Fourier transform of



its temporal profile," Senellart tells Phys.org. "As a result, to obtain near optimal single photon
sources in an optoelectronic device, we had to solve mairgntfic and technological challenges,
leading to an achievement that is the result of more than seven years of research.”

While quantum dots can be considered artificial atoms that therefore emit photons one by one,
she explains, due to the high refraat index of any semiconductor device, most single photons
emitted by the quantum dot do not exit the semiconductor and therefore cannot be used. "We
solved this problem by coupling the quantum dot to a microcavity in order to engineer the
electromagnetidield around the emitter and force it to emit in a weléfined mode of the optical
field," Senellart points out. "To do so, we need to position the quantum dot with nanorsetde
accuracy in the microcavity."

Senellart notes that this is the first ckaige that the researchers had to address since targeting
the issue of quantum dots growing with random spatial positions.

"Our team solved this issue in 20081 by proposing a new technolegiuitithography, which

allows measuring the quantum dot gben optically and drawing a pillar cavity around it. With this
technique, we can position a single quantum dot with 50 nm accuracy at the center of a
micronsized pillar." In these cavities, two distributed Bragg reflectors confine the optical fiel in th
vertical direction, and the contrast of the index of refraction between the air and the
semiconductor provides the lateral confinement of the light. "Prior to this technology, the
fabrication yield of quantum dot cavity devices was in thedXbut today it is larger than 50%."

The scientists used this technique to demonstrate the fabrication of bright single photon sources in
20132, showing that the device can generate light pulses containing a single photon with a
probability of 80% but while all phdons had the same spatial shape and wavelength, they were
not perfectly identical.

"Indeed, for the photons to be fully indistinguishable, the emitter should be highly isolated from
any source of decoherence induced by the setate environment.

Howeer, our study showed that collisions of the carriers with phonons and fluctuation of charges
around the quantum dot were the main limitations." To solve this problem, the scientists added an
electrical control to the device, such that the application oktactric field stabilized the charges
around the quantum dot by sweeping out any free charge. This in turn removed the noise.
Moreover, she adds, this electrical control allows tuning the quantum dot wavelergirocess

that was previously done by ireasing temperature at the expense of increasing vibration.

"I'd like to underline here that the technology described above is unique worldwide," Senellart
stresses. "Our group is the only one with such full control of all of the quantum dot properties.

That is, we control emission wavelength, emission lifetime and coupling to the environment, all in a
fully deterministic and scalable way."

Specifically, implementing control of the charge environment for quantum dots in connected pillar
cavities, and applgpg an electric field on a cavity structure optimally coupled to a quantum dot,
required significant attention. "We had strong indications back in 2013 that the indistinguishability
of our photons was limited by some charge fluctuations around the quaikoimEven in the
highestquality semiconductors, charges bound to defects fluctuate and create a fluctuating



electric field3. In the meantime, several colleagues were observing very low charge noise in
structures where an electric field was applied to tihgantum dotg but this was not combined

with a cavity structure.” The challenge, Senellart explains, was to define a metallic contact on a
microcavity (which is typically a cylinder with a diameter-@f idicrons) without covering the

pillar's top surface.

"We solved this problem by proposing a new kind of cayityat is, we showed that we can
actually connect the cylinder to a bigger frame using somedinensional bridges without
modifying too much the confinement of the optical field." This geomeityich the researchers

call connected pillars, allows having the same optical confinement as an isolated pillar while
defining the metallic contact far from the pillar itself. Senellart says that the connected pillars
geometry was the key to both contraity the quantum wavelength of dot and efficiently collecting
its emission4.

In demonstrating the efficient generation of a pure single photon with nesty

indistinguishability, Senellart continues, the researchers had one laststembining high phain
extraction efficiency and perfect indistinguishabilityhich they did by implementing a resonant
excitation scheme of the quantum dot. "In 2013, Prof. Giaog Lu's team in Hefei, China showed
that one could obtain photons with 96% indistinguish#@pifiy exciting the quantum dot state in a
strictly resonant way5. Their result was beautiful, but again, not combined with an efficient
extraction of the photons. The experimental challenge here is to suppress the scattered light from
the laser and colleainly the single photons radiated by the quantum dot."

Senellart adds that while removing scattered photons when transmitting light in processed
microstructures is typically complicated, in their case this step was straightforward. "Because the
quantum dd is inserted in a cavity, the probability of the incident laser light to interact with the
quantum dot is actually very high. It turns out that we send only a few phatadhat is, less than

10¢ on the device to have the quantum dot emitting one photdhis beautiful efficiency, also
demonstrated in the excitation process, which we report in another paper6, made this step quite
easy."

The devices reported in the paper have a number of implications for future technologies, one being
the ability to achige stronglyreduced charge noise by applying an electrical bias. "Charge noise

has been extensively investigated in quantum dot structures," Senellart says, "especially by Richard
Warburton's group.”

Warburton and his team demonstrated that in the besagtum dot samples, the charge noise

could take place on a time scale of few microsecanaich is actually very good, since the
gquantum dot emission lifetime is around 1 nanosecond?7. However, this was no longer the case in
etched structures, where a sing charge noise is always measured on very short time géads

than 1 ng that prevents the photon from being indistinguishable. "I think the idea wedict

this problem would be solved by applying an electric f@ghdas an important one," Seratt

notes. "The time scale of this charge noise does not only determine the degree of
indistinguishability of the photons, it also determines how many indistinguishable photon one can
generate with the same device. Therefore, this number will determimecttmplexity of any

gquantum computation or simulation scheme one can implement." Senellart adds that in a-follow



up study7 the scientists generated long streams of photons that can contain more than 200 being
indistinguishable by more than 88%.

In addressig how these de novo devices may lead to new levels of complexity and scalability in
optical quantum technologies, Senellart first discusses the historical sources used develop optical
quantum technologies. She makes the point that all previous implentientsof optical quantum
simulation or computing have been implemented using Spontaneous Parametric Down Conversion
(SPDC) sources, in which pairs of photons are generated by the nonlinear interaction of a laser on a
nonlinear crystal, wherein one photori the pair is detected to announce the presence of the

other photon. This sealled heralded source can present strongly indistinguishable photons, but
only at the cost of extremely low brightness. "Indeed, the difficulty here is that the one pulse does
not contain a single pair only, but some of the time several pairs," Senellart explains. "To reduce
the probability of having several pairs generated that would degrade the fidelity of a quantum
simulation, calculation or the security of a quantum commurndgtthe sources are strongly
attenuated, to the point where the probability of having one pair in a pulse is below 1%.
Nevertheless, with these sources, the quantum optics community has demonstrated many
beautiful proofs of concept of optical quantum technologies, including-ttisance teleportation,
quantum computing of simple chemical or physical systems, and quarntoufesions like
BosonSampling." (A BosonSampling device is a quantum machine expected to perform tasks
intractable for a classical computer, yet requiring minimal-otassical resources compared to full
scale quantum computers.) "Yet, the low efficientyhse sources limits the manipulation to low
photon numbers: It takes typically hundreds of hours to manipulate three photons, and the
measurement time increases exponentially with the number of photons. Obviously, with the
possibility to generate more amy indistinguishable photons with an efficiency more than one

order of magnitude greater than SPDC sources, our devices have the potential to bring optical
quantum technologies to a whole new level."

Other potential applications of the newtjemonstrateddevices will focus on meeting nefrture
challenges in optical quantum technologies, including scalability of photonic quantum computers
and intermediate quantum computing tasks. "The sources presented here can be used
immediately to implement quantum eoputing and intermediate quantum computing tasks.
Actually, very recently in the first demonstration of the superiority of our new single photon
sources; our colleagues in Brisbane made use of such bright indistinguishable quanttinaskd
single phota sources to demonstrate a three photon BosonSampling experiment8, where the
solid-state multiphoton source was one to two ordesémagnitude more efficient than
downconversion sources, allowing to complete the experiment faster than those performed with
SPDC sources. Moreover, this is a first step; we'll progressively increase the number of manipulated
photons, in both quantum simulation and quantum computing tasks."

Another target area is quantum communications transfer rate. "Such bright single pbotwoes

could also drastically change the rate of quantum communication protocols that are currently

using attenuated laser sources or SPDC sources. Yet, right now, our sources operate at 930 nm
when 1.3 um or 1.55 um sources are needed for long distaos®gmunications. Our technique can

be transferred to the 1.3 um range, a range at which single photon emission has been successfully
demonstratedc in particular by the Toshiba research grauglightly changing the quantum dot
material. Reaching the 1.55 prange will be more challenging using quantum dots, as it appears



that the single photon emission is difficult to obtain at this wavelength. Nevertheless, there's a
very promising alternative possibility: the use of a 900 nm bright source, like the orepaoset

here, to perform quantum frequency conversion of the single photons. Such efficient frequency
conversion of single photons has recently been demonstrated, for example, in the lab of Prof.
Yoshie Yamamoto at Stanford9."

Regarding future research, 18#glart says "There are many things to do from this point. On the
technology side, we will try to improve our devices by further increasing the source brightness. For
that, a new excitation scheme will be implemented to excite the device from the sideasadone

by Prof. Valia Voliotis and her colleagues on the Nanostructures and Quantum Systems team at
Pierre and Marie Curie University in Paris and Prof. Glenn Solomon's group at the National Institute
of Standards and Technology (NIST) in Gaithersbuagyldhd. Applying this technique to our

cavities should allow gaining another factor of four on source brightness. In addition, operating at
another wavelength would be another important feature for our devices, since as discussed above,
this would allow ging the source for quantum telecommunication. For example, a shorter
wavelength, in the visible/near infrared range, would open new possibilities to interconnect

various quantum systems, including ions or atoms through their interaction with photonlbs w

as applications in quantum imaging and related fields."

The researchers also want to profit from the full potential of these sources and head to high
photon number manipulation in, for instance, quantum simulation schemes. "We're aiming at
performingBosonSampling measurements with-20 photons, with the objective of testing the
extended Church Turing thesis and proving the superiority of a quantum computer over a classical
one." The original Church Turing thesis, based on investigations of Alonzh@hd Alan Turing

into computable functions, states that, ignoring resource limitations, a function on the natural
numbers is computable by a human being following an algorithm, if and only if it is computable by
a Turing machine.

Another promising impet on future optical quantum technologies is the generation of entangled
photon pairs. "A quantum dot can also generate entangled photon pairs, and in 2010 we
demonstrated that we could use the in situ lithography to obtain the brightest source of enthngle
photon pairs10. That being said, photon indistinguishability needs to be combined with high pair
brightness; and this is the next challenge we plan to tackle. Such a device would play an important
role in developing quantum relays for long distance camimation and quantum computing

tasks."

Senellart tells Phys.org that other areas of research might well benefit from their findings, in that
devices similar to the one the scientists developed to fabricate single photon sources could also
provide nonlinarities at the low photon count scale. This capability could in turn allow the
implementation of deterministic quantum gates, a new optical quantum computing paradigm in
which reversible quantum logic gatesor example, Toffoli or CNOT (controlled NCatgg; can
simulate irreversible classical logic gates, thereby allowing quantum computers to perform any
computation which can be performed by a classical deterministic computer. "Single photons can
also be used to probe the mechanical modes of mecharesainator and develop quantum

sensing with macroscopic objects. Other applications," she concludes, "could benefit from the
possibility to have very efficient single photon sources, such as an imaging system with single



photon sources that could allow dratically increased imaging sensitivity. Such technique could
have applications in biology where the lower the photon flux, the better for exploring in vivo
samples." [14]

Team demonstrates large -scale technique to produce quantum dots

A method toproduce significant amounts of semiconducting nanoparticles for-eghtting
displays, sensors, solar panels and biomedical applications has gained momentum with a
demonstration by researchers at the Department of Energy's Oak Ridge National Laboratory.

While zinc sulfide nanopatrticles type of quantum dot that is a semiconductdrave many
potential applications, high cost and limited availability have been obstacles to their widespread
use. That could change, however, because of a scalable ORMIqgtexoutlined in a paper
published in Applied Microbiology and Biotechnology.

Unlike conventional inorganic approaches that use expensive precursors, toxic chemicals, high
temperatures and high pressures, a team led by ORNWs@diMoon used bacteriatl by
inexpensive sugar at a temperature of 150 degrees Fahrenheit imr25250gallon reactors.
Ultimately, the team produced about threfleurths of a pound of zinc sulfide nanoparticles
without process optimization, leaving room for even higher weld

The ORNL biomanufacturing technique is based on a platform technology that can also produce
nanometersize semiconducting materials as well as magnetic, photovoltaic, catalytic and
phosphor materials. Unlike most biological synthesis technologiesottatr inside the cell, ORNL's
biomanufactured quantum dot synthesis occurs outside of the cells. As a result, the nanomaterials
are produced as loose particles that are easy to separate through simple washing and centrifuging.

The results are encouraginagcording to Moon, who also noted that the ORNL approach reduces
production costs by approximately 90 percent compared to other methods.

"Since biomanufacturing can control the quantum dot diameter, it is possible to produce a wide
range of specificalljuned semiconducting nanomaterials, making them attractive for a variety of
applications that include electronics, displays, solar cells, computer memory, energy storage,
printed electronics and biomaging,” Moon said.

Successful biomanufacturing of ltgdmitting or semiconducting nanoparticles requires the ability
to control material synthesis at the nanometer scale with sufficiently high reliability, reproducibility
and yield to be cost effective. With the ORNL approach, Moon said that goal has bémredc

Researchers envision their quantum dots being used initially in buffer layers of photovoltaic cells
and other thin filmbased devices that can benefit from their electptical properties as light
emitting materials. [13]

Superfast light source made from artificial atom
All light sources work by absorbing energfipr example, from an electric curreqtand emit
energy as light. But the energy can also be lost as heat and it is therefore important that the light













































