Majorana Confidence in Nanowire

In the latest.experiment of: its kind, researchers have captured the most.compelling
evidence to/date/that unusual particles /lurk inside a-special kind. of superconduf38i.

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 of silicon 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 toharndbe power:of the,quantum-realm to
further their research./ [28]

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

A fundamental barrier/tosscaling quantum.computing machines'is/"qubit-interference." In
new research published iBcience! Advances; engineers/and physicists fRigetti
Computingdescribe a breakthrough/'that can.expandthe size of practical quantum
processors byreducing interferende6)

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

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


https://www.rigetti.com/
https://www.rigetti.com/

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
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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]
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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.

Contents

[ (== TSRS 6

Latest nanowire experiment boosts confidence in Majorana sighting.........cccoecccveeviiieee e, 6
Theory MEEtS EXPEIIMENT.........oi ettt et e st e e st e e e s e eabe e e e s anreeaeanns 8

Unconventional superconductor may be used to create quantum computers of the future...9
Routing photons with a topological photonic StruCture ...........ccccceeeeei i, 10

New silicon chip for helping build quantum computers and securing our information ......... 11



Interference as a new method for cooling quantum deViCeS ..........ccovvcvriiieieeeeeiiiciiieeeeeeenn 12

Learning t0 SPEak QUANTUM........cieeiiiiiiieeieee e e e s ettt e e e e e e e e s s e e e e e e s s s sssnneneeeeeeeeennnneaneeeeeeeas 13
QUANTUM COMPULETS ... 13
L@ LU= 1[0 [ RS- 0] £ 14
Researchers developing phase-change memory devices for more powerful computing.....15
New controls scale qUaNtUM ChIPS ........uuiiiiieii e 16
Controlling quantum interactions in a single material ..............cccciveree e, 17
Scientists discover chiral phonons in a 2-D semiconductor crystal.............cccceevviieeiiiineenn. 18
New exotic phenomena seen in photoniC CrystalS.........ccccoviiieeiiiiee e 20
Photonic crystals reveal their internal characteristics with new method..................ccccc....... 22
New tabletop technique probes outermost electrons of atoms deep inside solids .............. 24
A New Way to Look at AtOMS iN SONAS .....ccoviuiiiiiiiiiie e 24
Steering Electrons to Generate Light ........c..cooiiiiii i 24
X-ray laser glimpses how electrons dance with atomic nuclei in materials...........ccc.c.cooue. 25
Turning Heat into Electricity and VICE VEISA.........cuvieiiiiiciiiiiiiie e ea e 26
Controlling Materials by Stimulating Charged Waves.............cocccvviiieiee i 27
A Bright Future for Studies of the Electron-Phonon Dance ...........ccccccvvveeeeeeeeciciieeeeeeeenn, 27
A 'nonlinear' effect that seemingly turns materials transparent is seen for the first time in X-
FayS at SLAC'S LCLS ... 28
A Milestone in Understanding How Light Interacts with Matter ..........cccococeeivieneiinenn. 28
A MOSt PUZZIING RESUIL.....ooiiiiiie ettt e e enaeeee s 29
Researchers use quantum dots to manipulate light.............ccccoiiiii e, 29
QUANTUM OS ... 30
(O TUT= o] (8] g e 5] o 1(oTe] =T o] o |V EERRR 30
‘Artificial atom' created iN Graphene .........c.eevviieiie e 30
Building Artificial ALTOMS ... 30
Cutting €dge iS NOt ENOUQGN..........uiiiiiiie e e e e e e e s e e e e e e e e ennanes 30
Two atoms in an optical cavity can absorb one photon...........ccccoeccvviiieie e 31
ONE FOF TWO? . 31
L@ U= o0 1S3 (o o R 32
Quantum processor for SINGIe PROTONS .........coiiiiiiii e 32
The path to perfection: Quantum dots in electrically-controlled cavities yield bright, nearly
[Tol=T ) [>T I ] g o) (o] o = PEEPR 34
Team demonstrates large-scale technique to produce quantum dots ...........ccccceeeeeeeriennns 38

Superfast light source made from artificial atom.............ccceeei i, 39



(@ THT= g 10N g 1R 01T =T o IR | o SRR 40

Increasing the light-matter INEraction .............cccuvieiiiee e 40
Single-photon source is efficient and indistinguishable ..., 41
(o3 1 1] o o o R 41
Quantum sandWICh ... 41
Semiconductor quantum dots as ideal single-photon SOUrCe........cccccveeevviiiiiiieeee e, 42
NOISE iN the SEMICONUUCTON .......coiiiiiiiie ittt e e 42
How to Win at Bridge Using Quantum PRYSICS.........cccoiiiiiiiiiii e 43
(@ U= T a1 (0] g I Vo) o] g =i o] o HOS PSR 43
Heralded QUDBIt TraNSTEI . ... e e e e e 44
(O =T o1 (0] g I T oY o o] =1 1T o PSR 44
QUANTUM COMPULING «.teteeiitiieeeiitiee ettt e et e e e s st ee e e e st e e e s sabe e e e s ssteeeesanbeeeeeansbeeessnseeeesanseeeens 45
QUANTUM ENtANGIEMIENT ......oiiiiiiiiiei e st e e e s enb e e e snbee e e e ssbeeeeennneeeens 45
LI 0= = T [T SRR 45
AcCCelerating ChargeS .........uviiiiiie e e e e e e e e e e e e raaeeen 45
RelAtIVISTIC EFFECT......eeiiiiiie e s 46
Heisenberg Uncertainty RElation ............ueiviieiiiiiiieeee e e e e 46
Wave T PartiCle DUAIY .......cooieiiiiiiiicce ettt e e e e e e e e e e s e e e e e e e e e ennnnes 46
F N (o] YTl g Lo o = IR TP PUPRP 46
The RelatiVIStIC BIHOQE ...c.ooieiiieiiiiiiee ettt ettt e e st e e et e e e s nnbee e e e snneeeeeennes 46
R LI ET LT 1 =T = Ued 1o o SRR 47
The General Weak INteracCtioN............ocuiiiiiiiiiie e ee e s sneee e 48
FErmions @and BOSONS .......ccicuuiiiiiiiiiee ettt et e et e e e st e e e st e e e e snnte e e e sneeeeeennes 49
Van DEFr WaalS fOICE ...uvuiiei it ciee ettt et e e et e e e et e e e s ennee e e e sneeeeeennees 49
Electromagnetic inertiad and MaSS ........cooiuii i 49
Electromagnetic INAUCTION .........uiiiiie e e e e e e e e nnaee e 49
Relativistic Change Of MASS ........uiiiiiiii e 49
The frequency dependencCe Of MASS ......ccccoi i 49
EleCtron T ProtON MASS FALE .......eiiiiie i eiee et et stee e st e e snee e e sne e e st e e sneeeeeneeeenees 49
Gravity from the point of view of quantum phySIiCS .........cccceeiiiiiiiiiie e, 50
The GravitationNal fOICE .........uiii e saee e e 50
THE HIQOS DOSON .ottt e e e e e s e st e e e e e e s s snsbneeeeeeeeeeennnne 50
Higgs mechanism and QUAaNTUM GraVity ..........cccuurireiieersiiiiiiiieeee e e s ssiiireeeeee s s s ssnsneeeeeeeeeeas 51

WAL IS The SPIN e e e e e e e s e e e e e e e e s snbreeeeeeeeeas 51



QI AT =71 o o 52
(@] 3 [0 1517 o] 1 1SN 52

R L] (=T (=] (o1 53

Author: George Rajna
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.

Latest nanowire experiment boosts confidence in Majorana sighting

In the latest experiment of its kind, researchers have captured the most compelling evidence to
date that unusual particles lurk inside a special kind of superconductor. The result, which confirms
theoretical predictions first made nearly a decade agdatdoint Quantum Institute (JQI) and the
University of Maryland (UMD), will be published in the April 5 issiatifire

The stowaways, dubbed Majorana quasiparticles, are different from ordinary matter like electrons
or quarkgs the stuff that makes up thelements of the periodic table. Unlike those particles, which
as far as physicists know can't be broken down into more basic pieces, Majorana quasiparticles
arise from coordinated patterns of many atoms and electrons and only appear under special
conditiors. They are endowed with unique features that may allow them to form the backbone of
one type of quantum computer, and researchers have been chasing after them for years.

The latest result is the most tantalizing yet for Majorana hunters, confirming ntresgyetical
predictions and laying the groundwork for more refined experiments in the future. In the new
work, researchers measured the electrical current passing through anthitraemiconductor
connected to a strip of superconducting aluminura recipethat transforms the whole
combination into a special kind of superconductor.



Experiments of this type expose the nanowire to a strong magnet, which unlocks an extra way for
electrons in the wire to organize themselves at low temperatures. With this additarrangement

the wire is predicted to host a Majorana quasiparticle, and experimenters can look for its presence
by carefully measuring the wire's electrical response.

The new experiment was conducted by researchers from QuTech at the Technical tyndfersi

Delft in the Netherlands and Microsoft Research, with samples of the hybrid material prepared at
the University of California, Santa Barbara and Eindhoven University of Technology in the
Netherlands. Experimenters compared their results to theoréteadculations by JQI Fellow Sankar
Das Sarma and JQI graduate student CKiao Liu.

The same group at Delft saw hints of a Majorana in 2012, but the measured electrical effect wasn't
as big as theory had predicted. Now the full effect has been obseavelit persists even when
experimenters jiggle the strength of magnetic or electric fieldsrobustness that provides even
stronger evidence that the experiment has captured a Majorana, as predicted in careful theoretical
simulations by Liu.

superconducting Al
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contact to nanowire (Au)

Perfect quantization of the Majorana conductance is the final proof of #igtence of the
Majorana's. Credit: TU Delf
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"We have come a long way from the theoretical recipe in 2010 for how to create Majorana particles
in semiconductosuperconductor hybrid systems," says Das Sarma, a coauthor of the paper who is
also the directoiof the Condensed Matter Theory Center at UMD. "But there is still some way to go

before we can declare total victory in our search for these strange particles."

The success comes after years of refinements in the way that researchers assemble the r&anowire
leading to cleaner contact between the semiconductor wire and the aluminum strip. During the
same time, theorists have gained insight into the possible experimental signatures of Mapranas
work that was pioneered by Das Sarma and several collaborattisB.

Theory meets experiment

The quest to find Majorana quasiparticles in thin quantum wires began in 2001, spurred by Alexei
Kitaev, then a physicist then at Microsoft Research. Kitaev, who is now at the California Institute of
Technology in Pasadenanzocted a relatively simple but unrealistic system that could

theoretically harbor a Majorana. But this imaginary wire required a specific kind of
superconductivity not available effie-shelf from nature, and others soon began looking for ways

to imitate Kitaev's contraption by mixing and matching available materials.

One challenge was figuring out how to get superconductors, which usually go about their business
with an even number of electronstwo, four, six, eta to also allow an odd number of electrsna
situation that is normally unstable and requires extra energy to maintain. The odd number is
necessary because Majorana quasiparticles are unabashed oddballs: They only show up in the
coordinated behavior of an odd number of electrons.

In 2010, almosa decade after Kitaev's original paper, Das Sarma, JQI Fellow Jay Deep Sau and JQI
postdoctoral researcher Roman Lutchyn , along with a second group of researchers , struck upon a
method to create these special superconductors, and it has driven the iexpetal search ever

since. They suggested combining a certain kind of semiconductor with an ordinary superconductor
and measuring the current through the whole thing. They predicted that the combination of the

two materials, along with a strong magnetielfl, would unlock the Majorana arrangement and

yield Kitaev's special material.

They also predicted that a Majorana could reveal itself in the way current flows through such a
nanowire. If you connect an ordinary semiconductor to a metal wire and a battgtrons

usually have some chance of hopping off the wire onto the semiconductor and some chance of
being rebuffed the details depend on the electrons and the makeup of the material. But if you
instead use one of Kitaev's nanowires, something compleliéfigrent happens. The electron

always gets perfectly reflected back into the wire, but it's no longer an electron. It becomes what
scientists call a hotebasically a spot in the metal that's missing an eleatrand it carries a

positive charge back in ¢hopposite direction.

Physics demands that the current across the interface be conserved, which means that two
electrons must end up in the superconductor to balance out the positive charge heading in the
other direction. The strange thing is that this pess, which physicists call perfect Andreev

reflection , happens even when electrons in the metal receive no push toward the bounthesty

is, even when they aren't hooked up to a battery of sorts. This is related to the fact that a Majorana
is its own aniparticle, meaning that it doesn't cost any energy to create a pair of Majoranas in the



nanowire. The Majorana arrangement gives the two electrons some extra room to maneuver and
allows them to traverse the nanowire as a quantizedpélirat is, exactly twat a time.

"It is the existence of Majoranas that gives rise to this quantized differential conductance," says Liu,
who ran numerical simulations to predict the results of the experiments on UMD's Deepthought2
supercomputer cluster. "And such a quantipatshould even be robust to small changes in
experimental parameters, as the real experiment shows."

Scientists refer to this style of experiment as tunneling spectroscopy because electrons are taking a
guantum route through the nanowire to the other sidehas been the focus of recent efforts to
capture Majoranas, but there are other tests that could more directly reveal the exotic properties

of the particles tests that would fully confirm that the Majoranas are really there.

"This experiment is a bigegt forward in our search for these exotic and elusive Majorana particles,
showing the great advance made in the materials improvement over the last five years," Das Sarma
says. "l am convinced that these strange particles exist in these nanowires, batruoijocal
measurement establishing the underlying physics can make the evidence defirgBk."

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 Unisity of Technology have succeeded in manufacturing a component
that is able to host the sougffter 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 aseledfron. In a quantum computer,
the idea is to encode information in a pair ofMrana 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 witttopological superconductivity,” says Floriana
Lombardi, professor at the Quantum Device Physics Laboratory at Chalmers.
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To create their unconventional superconductoreyhstarted with what is calledtapological
insulator made of bismuth telluride, B&es. A topologicalnsulator 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 whetiey cooled the component down again later,
to routinely repeat some measurements, the situation suddenly chandked characteristics of

the superconducting pairs of electrons varied in different directions.

"And that isn't compatible at all with convenfial 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&erg 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, éhmaterial 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 publishedNiature Communicationig a study titled “Induced
unconventional superconductivity on the surface states gf &itopological insulator.” [32]

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 Sffain 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 route photons with precision at the micrometer
scale to create better integted quantum optical circuitst a tendency of photons to scatter when
meeting with bends and splitters has inhibited progress. In this new effort, the researchers have
gotten around this problem by taking awepproach using a semiconductor slab with triangular
holes arranged ihexagon patterns. The slab was fashioned into a lattice of hexagons, with larger
triangular holes on one side of the slab than the otAdre routing occurred where the two types

of hexagons met.
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The architecture of the slab createdige states where two photonic crystals metthe bands

touched and crossed over, producing edge states wittrgy between two crystal band gaps,
allowing aphoton to move between them without scattering. The arrangement of the hexagons
provided band gaps next to one another from one side of the slab to the othettjrayesachannel

of sorts for the photons to travel. Photons were provided courtesyuaintum 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 structure was noting what happened when the quantum dots
were excited with digh-powered 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 the triangular holes and their distance from the center of their reggebexagons, 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 g uantum 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 help building and testing quantum computers and
could find their way into yar mobile phone to secure information.

Scientific effort worldwide is focused on attempting to use silicon photonics to

realisequantum technologies, such as supsecure communications, guantum supEmputers

and new ways build increased sensitivity sensors. 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 optic

Now, researchers at the University of Bristol have made a breakthrough for silicon quantum
photonicg they have developed new type of arip detector capable of measuring quantum
mechanical behavior within the integrated chip architecture. This is atoekfor making sure

silicon photonic processors work the way they are designed and can themselves be used for other
tasks, such as generatingndom numbers for cryptography, vital for the securityduostry, and as

an important part of new types of optical 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 detectors 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."
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One of the key applications that tlieetector has already been used for by the researchers is to
generate random numbers.

"The ability to generatertily random numbers with a machine, without any bias, 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 siitsstse

for cryptography and quantum cryptography. 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." B0]

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 very low temperatures. Their size
makes them particularly susceptible to temperature increases from the thermal noise in the
surrounding environment and that caused by other components nearb§h@bir Barzanjeh, a
postdoc at the Institute of Science and Technology Austria (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 keepagtum devices cool. Their theoretical approach

relies on quantum interference.

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 ctiwde its surroundings
requires energy. A new method for cooling down the elements of quantum devices such as qubits,
the tiny building blocks of quantum computers, was now theoretically proven to work by a group of
physicists.

"Essentially, the device ware 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 studidtehoal
noise flows througlyuantum devices and they devised a method that can prevent the heat flow
to warm up the sensitive quantugtevice. They used heat sink connected to both devices,
showing that it is possible to control itgat flow such that it cancels thibeat coming from the
warm object directly to theool one via specigluantum 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'isbéncerning the practical
implementation of the mechanism that adds the phase shift tottltemal noise, Shabir Barzanjeh
has some ideas, including a mechanical object that vibrates, or radiatiosupest® control the
oscillation. "Now it is the time for experimentalists to verify the theory,” he says. [29]
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Learning to speak quantum

In a 1981 lecture, the famed physicist Richard Feynman wondered if a computer could ever
simulate the entire univers The difficulty with this task is that, on the smallest scales, the universe
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 simpleaiterving can

change the outcome of reality.
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Quantum computers

Feynman was imagining a quantum computecomputer with bits that acted like the particles of

the quantum world. Today, nearly 40 years later, such computers are starting to become a reality,
and they pose a unique opportunity for particle physicists.

G¢KS deaidsSvya (KFid SoSIKRENIOaAgA NBE RYWIINRANIAAOI t £ & |jdzt v
dhea tlhylF3Aaz2G6Aa8 {LISyGT 2dNA&Es KSIR 2F CSNIXYAfIo0Qa {
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 hope we will 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 superfiasj in which a particle such as an electron exists
in a probabilistic state spread across multiple locations at once.

Unlike a classical computer bit, which can be either on or off, a quantunobigubitt can be on,
off, or a superposition of both on droff, allowing for computations to be performed
simultaneously instead of sequentially.

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, tegtpossibility after possibility,

could be solved almost instantaneously by 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 thipotential, a team at CalTech recently used a type of quantum
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to the Standard Model of particle physics, gives mass to every other fundamental particle.

Sciettists originally discovered the Higgs boson in 2012 using particle detectors at 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 temporéliggs bosons quickly decayed,

converting their energy into other, more common 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 decaproducts. But to do so, they needed to pick out which of those particles 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 dentists trained a machine learning algorithm to find the Higgs signal 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 discovdrediggs the first time around,
wanted to see if she could improve 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 gntum computer trained the machine learning algorithm
on a significantly 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 eyes to the hay.
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Some scientists 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 another technology 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 wouléatsteasure a total flow
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Chou is taking advantage of 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 ttieorized dark matter particle known as an axion.
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For Spiopulu, these applications of quantum computers represent an elegant 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 ie/rmm 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 & Matel$aScience, 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&anigng alternative

to computer randorraccess memar. Using heat to transform the states of material from

amorphous 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.
Howe\er, manufacturing PCM devices on a large scale with consistent quality and long endurance
has been a challenge.

"Everybody's trying to figure that out, and we want to understandghase change behavior
precisely,” said Yujun Xie, a PhD candidate in Cha's lab and lead author of the study. "That's one of
the biggest challenges f@hase-change memory."

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

in Advanced Meerials.

The standard PCM device has what's known as a mushroom structure, while tHBMakam

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 &f #CM, improving the whole
performance," Xie said.

By observing the phasghange 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 itto control the phasechange of the material.

Wanki Kim, an IBM researcher who worked on the project, said the next step is possibletop
a bipolar operation to switch the direction of voltage, which can control the chemical segregation.
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In normal oration mode, the direction of voltage bias is always the safri@s next step could
prolong thedevice lifetime even further. [27]

New controls scale quantum chips

A fundamental barrier to scaling quanturomputing machines is "qubit interference.” In new
research published iBcience Advancesngineers and physicists frdrigetti Computing describe
a breakthrough that can expand the size of practical quantum msmrs by reducing interference.

Matt Reagor, lead author of the 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 operatits that are independent of the state of a (large) quantum
register.”

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

Clink a wine glass, and you will hear it ringsatesonantrequency (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,different resonance frequencies. A

clinked wine glass will cause identical, nearby glasses to vibrate. Glasses that are different shapes
are "off-resonant glasses," meaning they will not vibrate much at all.

So, what's the relation between glasses audbits?

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 state of its corresponding electric currents. In our
analogy, this is equivalent to whether or not a wine glass is vibrating."

A highly successful class of entangling gates for superconducting qubitdespby tuning two or
more qubits into resonance with each other. 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
leveragedas conditional logic. Imagine pouring or siphoning off wine from one 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 moregldisses to manage when
executing a specific conditional logic gate," 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 béer 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 resoatone frequency (call it 400 Hz) while
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another, nearby glass 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 thdilling operation at the difference frequency between the glasses
(here, 20 times per second, or 20 Hz). By doing so, we create -abkeafor thisglass that is

exactly resonant with the other. Physicis@metimes call this a parametric process. Our beae

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 parameric two-qubit gates."

Reagor concludes: "While this analogy may sound somewhat fanciful, its mapping onto our specific
technology, from a mathematical standpoint, is surprisingly accurf2é]"

Controlling quantum interactions in a single material

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

"Harmaizing multiplequantum 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 Rondinelland an international team of theoretical and computational 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 usemtml| these
interactions to tune the material's properties.

This breakthrough could enable ultrafast, lpewer electronics and quantum computers that
operate incredibly faster than current models in the areas of data acquisition, processing, and
exchang.

Supported by the US Army Research Office, National 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 joulNature Communicationdames Rondinelli, the
Morris E. Fine Junior Professor in Materials and Manufacturing in Northwestern's McCormick
School of Engineering, and Cesare Franchini, professor of quandéienials modeling at the
University of Vienna, are the paper's-corresponding authors. Jiangang He, a postdoctoral fellow
at Northwestern, and Franchini served as the paperfirsp authors.

Quantum mechanical interactions govern the capability of and speed with which electtons
move through a material. This determines whether a material is a conductor or insulator. It also
controls whether or not the material exhibits ferroelectricity, or shows an electrical polarization.
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"The possibility of accessing multiple order phasédsch rely on different quantusmechanical
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 germed at the Vienna Scientific Cluster, the team discovered
coexisting quantummechanical interactions in the compound sihN@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 also does not exhibit inversion symmetry, suggesting that
ferroelectricity should exist when the material is an electrical insulator. By applyiakgeinic

field to the material, researchers were able to control 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 firsteal case of a topological quantum transition from a ferroelectric insulator to a non
ferroelectric semtimetal,” Franchini said. "This is like awakening a different kind of quantum
interactions that are quietly sleeping in the same house without knowing e#iter." [25]

Scientists discover chiral phonons 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 structura afamically thin (D)

material possesses a naturally 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 amachines.

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

It is congilered a promising candidate for a sougtiter form of data storage known as

valleytronics, for example, in which the momentum and wavelike motion of electrons in a material
can be sorted into opposite "valleys" in a material's electronic structure, veith ef these valleys
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 subject to problems
associated with heat buildup and electric leaks.

The latest study, published online this week in the jouB@knceprovides a possible path to
overcome these issues. It reports that some of the material's phonons, a term degaiiective
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. Controltimg direction of 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 sciermf¢he Materials Science Division at
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Lawrence Berkeley National Laboratory and professor at UC Berkeley. "Our experiment discovered
a new type of sacalled 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
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Hanyu Zhu, the lead author of the study and a postdoctors¢aecher at Zhang's group, said, "One
of the biggest advantage of chiggthonon is that the rotation is locked with the particle's
momentum and not easily disturbed."

In the phonon mode studied, the seleniunoats appear 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 ultrafagasers to record the timelependent 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 differenceof left and right chiral phonon activity.
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A socalled pump laser produced visible, right 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 mil-infrared 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 transigrdried 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 generatdarger 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 camhmeight 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 applicetis very 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 chiral properties found in the study likely exist across a wide rangdafaterials based on a
similar patterning in their atomic structure, Zhu also noted, adding that the study could guide

theoretical investigations of electrephonon interactions ad the 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
almost infinite possibilities for creating rotors at the molecular scd24]

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 axciting 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 systeygen 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 results are being reported this week in the jourBalencein 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 amtMehHsu, 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 #idermitian systents were not studied much in

experimental work. The complexities involved in measuring or amglytienomena 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 eafudit
interesting topological properties in these nétermitian 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 tieégr to 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 shapeari@mted 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 potentiatorél

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 alwaysrfn on the twedimensional surfaces of a threaémensional 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 &s
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-twi$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 Mébius 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 fibeptic 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 liglgmitting devices, they say.

The new findings were made possibledarlier 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 hunic" that such hakwist behavior was possible and could be "quite interesting,"
{2t2F6A0 alreasx odzi FOGdzZtfte FTAYRAYI Al NBIdzAi NBR
it happen?"

"Perhaps the most ingenious aspect of this work is thatah#hors 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 who was notilZdo@S R Ay GKAA 62N] ® b2 AGK2dzi (GKS t2aa
complex 3D fabrication methods that likely would not have been possible.” In other words, he

says, the technique they developed "gave them accessRBysics 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.

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 Qaltiuate 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 noticatleeven made use of for years, but whose origins
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