











the best results so far have been had
with a non-metallic natural element, such
as silicon, which possesses in a high
degree the desired properties...









The theory of a new kind of material: the semiconductor
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DESCRIPTION OF PHYSICAL REALITY 77

of lanthanum is 7/2, hence the nuclear magnetic
moment as determined by this analysis is 2.5
nuclear magnetons. This is in fair agreement
with the value 2.8 nuclear magnetons deter-
mined from La III hyperfine structures by the
writer and N. S. Grace.?

® M, F. Crawford and N. S, Grace, Phys. Rev. 47, 536
(19335).

This investigation was carried out under the
supervision of Professor G. Breit, and I wish to
thank him for the invaluable advice and assis-
tance so freely given. I also take this opportunity
to acknowledge the award of a Fellowship by the
Royal Society of Canada, and to thank the
University of Wisconsin and the Department of
Physics for the privilege of working here.
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Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EiNstEIN, B. PopoLSKY AND N. ROSEN, Instiiute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

In a complete theory there is an element corresponding
to each element of reality. A sufficient condition for the
reality of a physical quantity is the possibility of predicting
it with certainty, without disturbing the system. In
quantum mechanics in the case of two physical quantities
described by non-commuting operators, the knowledge of
one precludes the knowledge of the other. Then either (1)
the description of reality given by the wave function in

1.
NY serious considerati of a physical
theory must t into account the dis-
tinction betw, e objective reality, which is

indepe Tt of any theory, and the physical

Cepts with which the theory operates. These
concepts are intended to correspond with the
objective reality, and by means of these concepts
we picture this reality to ourselves.

In attempting to judge the success of a
physical theory, we may ask ourselves two ques-
tions: (1) “Is the theory correct?” and (2) “Is
the description given by the theory complete?”
It is only in the case in which positive answers
may be given to both of these questions, that the
concepts of the theory may be said to be satis-
factory. The correctness of the theory is judg
by the degree of agreement between the «On-

that the description of reality as given by a wave function F e

is not complete.

cnce.

One is thus led to conclude |nake

5 the

re, as

quantum mechanics is not complete or (2) these two
quantities cannot have simultaneous reality. Consideration
of the problem of making predictions concerning a system
on the basis of measureménts made on another system that
had previously interacted with it leads to the result that if
(D isfalse then (2)isalso false Oneds thusied to conclude

that the description of reality as given by a wave function
is not complete.

Whatever the meaning assigned to the tefm
complete, the following requirement for ’com-
plete theory seems to be a necessary gfle: every
element of the physical reality must hgbe a counter-
part in the physical theory. We shdll call this the
condition of completeness. The second question
is thus easily answered, as£oon as we are able to
decide what are the gfements of the physical
reality.

The elements the physical reality cannot
be determineg/ by @ priori philosophical con-
siderations,/but must be found by an appeal to
results experiments and measurements. A
compfehensive definition of reality is, however,
upiecessary for our purpose. We shall be satisfied

ith the following criterion, which we regard as
reasonable. If, without in any way disturbing a
system, we can predict with certainty (i.e., with
probability equal to unity) the value of a physical
quantity, then there exists an element of physical
reality corresponding to this physical quantity. 1t
seems to us that this criterion, while far from
exhausting all possible ways of recoghizing a
physical reality, at least provides us with one
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Can Quantum-Mechanical Description of Physical Reality be Considered Complete?

N. Bour, Institute for Theoretical Physics, University, Copenhagen
(Received July 13, 1935)

It is shown that a certain “criterion of physical reality’’ formulated in a recent article with
the above title by A. Einstein, B. Podolsky and N. Rosen contains an essential ambiguity

when it is applied to quantum phenomena. In this connection a viewpoint termed

mentarity’

“comple-

is explained from which quantum-mechanical description of physical phenomena

would seem to fulfill, within its scope, all rational demands of completeness.

N a recent article! under the above title A.
Einstein, B. Podolsky and N. Rosen have
presented arguments which lead them to answer
the question at issue in the negative. The trend
of their argumentation, however, does not seem
to me adequately to meet the actual situation
with which we are faced in atomic physics. I
shall therefore be glad to use this opportunity
to explain in somewhat greater detail a general
viewpoint, conveniently termed ‘‘complementar-
ity,” which I have indicated on various previous
occasions,? and from which quantum mechanics
within its scope would appear as a completely
rational description of physical phenomena, such
as we meet in atomic processes.

The extent to which an unambiguous meaning
can be attributed to such an expression as
“‘physical reality” cannot of course be deduced
from a priori philosophical conceptions, but—as
the authors of the article cited themselves
emphasize—must be founded on a direct appeal
to experiments and measurements. For this
purpose they propose a ‘‘criterion of reality”
formulated as follows: “‘If, without in any way
disturbing a system, we can predict with cer-
tainty the value of a physical quantity, then
there exists an element of physical reality
corresponding to this physical quantity.” By
means of an interesting example, to which we
shall return below, they next proceed to show
that in quantum mechanics, just as in classical

interaction with the system under investigation.
According to their criterion the authors therefore
want to ascribe an element of reality to each of
the quantities represented by such variables.
Since, moreover, it is a well-known feature of the
present formalism of quantum mechanics that
it is never possible, in the description of the
state of a mechanical system, to attach definite
values to both of two canonically conjugate
variables, they consequently deem this formalism
to be incomplete, and express the belief that a
more satisfactory theory can be developed.
Such an argumentation, however, would
hardly seem suited to affect the soundness of
quantum-mechanical description, which is based
on a coherent mathematical formalism covering
automatically any procedure of measurement like
that indicated.* The apparent contradiction in
* The deductions contained in the article cited may in
this respect be considered as an immediate consequence
of the transformation theorems of quantum mechanics,
which perhaps more than any other feature of the for-
malism contribute to secure its mathematical complete-
ness and its rational correspondence with classical me-
chanics. In fact, it is always possible in the description of a
mechanical system, consisting of two partial systems 1)
and (2), interacting or not, to replace any two pairs of
canonically con]ugate variables (g191), (gaps) pertaining

to systems (1) and (2), respectively, and satisfying the
usual commutation rules

[gp1]=[aape]=1h/2m,
[gg:1=(p1p2]=[01£2]1=[g:£1]1=0,
by two pairs of new conjugate variables (QiP1), (Q:P2)

related to the first variables by a simple orthogonal trans-
formation, corresponding to a rotation of angle 6 in the

In fact this new feature of
natural philosophy means a radical revision of
our attitude as regards physical reality

Picos8~P,sin @
Py sin 84+ Py cos 6.

\nalogous commutation

01P2]=0,

f the state of the com-
alues may not be as-
we may clearly assign
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Polynomial-Time Algorithms for Prime Factorization
and Discrete Logarithms on a Quantum Computer®

Peter W. Shor'

A digital computer is generally believed to be an efficient universal computing

device; that is, it is believed able to simulate any physical computing device with

an increase in computation time by at most a polynomial factor. This may not be

true when quantum mechanics is taken into consideration. This paper considers

factoring integers and finding discrete logarithms, two problems which are generally
thought to be hard on a classical computer and which have been used as the basis
of several proposed cryptosystems. Efficient randomized algorithms are given for
these two problems on a hypothetical quantum computer. These algorithms take
a number of steps polynomial in the input size, e.g., the number of digits of the
integer to be factored.
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A €1-billion (US$1.1-billion) European flagship project could advance the state of quantum computing.

Billion-euro boost
for quantum tech

Third European Union flagship project will be similar in size
and ambition to graphene and human-brain initiatives.

development of such technologies, which the
commission calls part of a “second quantum
revolution” (the first was the unearthing of the
rules of the quantum realm, which led to the
invention of tools such as lasers and transistors).

The initiative will include support for rela-
tively near-to-market systems, such as quan-
tum-communication networks, ultra-sensitive
cameras and quantum simulators that could
help to design new materials. It will also look
long term, pushing more-futuristic visions such
as all-purpose quantum computers and high-
precision sensors that fit into mobile phones.

Success will be judged by how well the flag-
ship boosts industry take up of the technolo-
gies and seeds investment in the field, says
Calarco: “If this doesn’t happen, it will be a
failure. But everyone is very confident it will”.

Quantum-technology projects already exist
in a few individual European Union countries,
such as the UK Quantum Technologies Pro-
gramme and the Netherlands’ QuTech initiative,
notes Marco Genovese, a quantum physicist at
the Italian National Institute of Metrological
Research in Turin. But to reach commercial
level in the near future, an EU-wide initiative is
essential, he says. “At the moment, EU industry
is still only marginally involved,” he says.

Europe’s graphene and brain-project
flagships were announced with great fanfare
in 2013, after a multiyear competition, but the
latest initiative has had a much quieter birth.
Calarco says that it was driven by an 18-month
dialogue between the commission and a
group of researchers who, at the organization’s
request, produced the manifesto.

Not everyone is pleased with this approach.
Choosing flagships on the basis of bilateral
discussions and manifestos risks turning them
into “a competition of lobbying, rather than

MICHAEL FANG /MARTINIS GROUP
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Quantum computation with quantum dots

Daniel Loss*®* and David P. DiVincenzo'3"
YInstitute for Theoretical Physics, University of California, Santa Barbara, Santa Barbara, California 93106-4030
2Department of Physics and Astronomy, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland
3IBM Research Division, T.J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598
(Received 9 January 1997; revised manuscript received 22 July 1997)

We propose an implementation of a universal set of one- and two-quantum-bit gates for quantum compu-
tation using the spin states of coupled single-electron quantum dots. Desired operations are effected by the
gating of the tunneling barrier between neighboring dots. Severa measures of the gate quality are computed
within a recently derived spin master equation incorporating decoherence caused by a prototypical magnetic
environment. Dot-array experiments that would provide an initial demonstration of the desired nonequilibrium
spin dynamics are proposed. [ S1050-2947(98)04501-6]
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Gate fidelity and coherence of an electron spin in an
Si/SiGe quantum dot with micromagnet

Erika Kawakami®?, Thibaut Jullien®?, Pasquale Scarlino®?, Daniel R. Ward®, Donald E. Savage, Max G. Lagally<,
Viatcheslav V. Dobrovitski®, Mark Friesen®, Susan N. Coppersmith®?, Mark A. Eriksson¢,

and Lieven M. K. Vandersypen

a,b,e,2

aQuTech, 2628 CJ Delft, The Netherlands; PKavli Institute of Nanoscience, Delft University of Technology, 2628 CJ Delft, The Netherlands; “University of
Wisconsin-Madison, Madison, W1 53706; “Ames Laboratory, US Department of Energy, lowa State University, Ames, A 50011; and *Components Research,

Intel Corporation, Hillsboro, OR 97124
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journal homepage: www.elsevier.com/locate/ssc

Towards 0.99999 28S;j

P.G. Sennikov?, A.V. Vodopyanov®, S.V. Golubev®, D.A. Mansfeld ”*, M.N. Drozdov ¢, Yu.N. Drozdov ¢,
B.A. Andreev ¢, L.V. Gavrilenko¢, D.A. Pryakhin¢, V.I. Shashkin®, O.N. Godisov ¢, A.I. Glasunov ¢, _
AJu. Safonov 9, H.-]. Pohl¢, M.L.W. Thewalt’, P. Becker?, H. Riemann", N.V. Abrosimov ", S. Valkiers'

2 [nstitute of Chemistry of High-Purity Substances RAS, Tropinin Str. 49, 603950 Nizhny Novgorod, Russia
b Institute of Applied Physics RAS, Uljanova St. 46, Nizhny Novgorod, 603950, Russia

¢ Institute for Physics of Microstructures RAS, GSP-105, 603950 Nizhny Novgorod, Russia

d Central Design Bureau of Machine Building, Krasnogvardyskaya Sq. 3, 195112 Sankt-Petersburg, Russia
€ VITCON Projectconsult GmbH, Dornbluthweg 5, D-07743 Jena, Germany

f Physics Department, Simon Fraser University, 888 University Drive, B.C., V5A 1S6 Burnaby, Canada
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h | eibniz-Institute for Crystal Growth, Max-Born-Str. 2, D-12489 Berlin, Germany

VEU Institute for Reference Materials and Measurements, Retieseweg 111, B-2440 Geel, Belgium

ARTICLE INFO ABSTRACT

Article history: A new approach for producing high-purity silicon with isotopic enrichment of 28Si isotope is reported.
Received 3 September 2011 The methods of centrifugal enrichment were modified to obtain the initial gaseous silicon tetrafluoride
Received ‘]I; revised form with a record-breaking enrichment of 0.99999664(11) with respect to 28Si. The effective conversion of
/1\2clzei§gl5 ?;i?; 2012 silicon tetrafluoride into elementary silicon with minimal isotopic dilution was achieved in an electron
by Xilzmhui Chen v cyclotron resonance discharge plasma, sustained by gyrotron microwave radiation with a frequency of
Available online 10 January 2012 24 QHZ. We have experimentally demon.ﬁra?ed the deposition of the layers Qf microcrystalline 28Si with

enrichment of 0.999986 =+ 0.000003, which is the best result at the present time.

Keywords: © 2012 Elsevier Ltd. All rights reserved.
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built: 15 dots, 5 sensors
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Storing Information in Knots

1590

quipu: a 5000 year old technology



In reduced dimension, particle histories can be tied in knots (they say.)
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Superconductivity

Pairing of electrons Zero resistance A gap at the Fermi surface
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Unpaired Majorana fermions in quantum
wires

A Yu Kitaev

Abstract. Certain one-dimensional Fermi systems have an
energy gap in the bulk spectrum while boundary states are
described by one Majorana operator per boundary point. A
finite system of length L possesses two ground states with an
energy difference proportional to exp(—L//)) and different
fermionic parities. Such systems can be used as qubits since
they are intrinsically immune to decoherence. The property of a
system to have boundary Majorana fermions is expressed as a 0
condition on the bulk electron spectrum. The condition is
satisfied in the presence of an arbitrary small energy gap
induced by proximity of a three-dimensional p-wave super-
conductor, provided that the normal spectrum has an odd
number of Fermi points in each half of the Brillouin zone (each
spin component counts separately).

b/ b//

+ It appears that only a triplet (p-wave) superconductivity in the three-
dimensional substrate can effectively induce the desired pairing between
electrons with the same spin direction — at least, this is true in the absence
of spin-orbit interaction.
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PRL 105, 177002 (2010) PHYSICAL REVIEW LETTERS 22 OCTOBER 2010

Helical Liquids and Majorana Bound States in Quantum Wires

Yuval Oreg,' Gil Refael,” and Felix von Oppen’

1Department of Condensed Matter Physics, Weizmann Institute of Science, Rehovot, 76100, Israel
“Department of Physics, California Institute of Technology, Pasadena, California 91125, USA
*Dahlem Center for Complex Quantum Systems and Fachbereich Physik, Freie Universitit Berlin, 14195 Berlin, Germany
(Received 16 March 2010; published 20 October 2010)
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mu?/2 via u~ h2AqoAgo = 7.6 X 10° cm/ sec

A more promising candidate 1s a wire of
_ ~ InAs in the wurtzite structure, known to have strong spin-
ar () orbit coupling [17]. The velocity u in the Hamiltonian
equation (1) 1s related to the experimentally measured
length scale Aqy = 100 nm = mu and Agg = 250 uV =

m = h*/A5,2A = 0.015m,, with m, the free electron

(@) mass. Similar numbers (with A = 280 wV) describe

[y

relatively innocuous to the SC, magnetic field [18].

AZHABSLAE #=0 newly fabricated InSb wires, except with a large g factor
of ~50, compared to g ~ 8 in InAs, requiring only a small,



Making Spinless 1D superconductors
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A zoo of theoretical proposals

G SC
SC

Fulga, et al. — Hyart, et al.

Flensberg

van Heck, et al.



week endin
PRL 95, 140503 (2005) PHYSICAL REVIEW LETTERS 30 SEPTEMBER92005

Braid Topologies for Quantum Computation

N.E. Bonested, L. Hormozi, and G. Zikos
Department of Physics and National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310, USA

S.H. Simon

Bell Laboratories, Lucent Technologies, Murray Hill, New Jersey 07974, USA
(Received 23 May 2005; published 29 September 2005)

In topological quantum computation, quantum information is stored in states which are intrinsically
protected from decoherence, and quantum gates are carried out by dragging particlelike excitations
(quasiparticles) around one another in two space dimensions. The resulting quasiparticle trajectories
define world lines in three-dimensional space-time, and the corresponding quantum gates depend only on
the topology of the braids formed by these world lines. We show how to find braids that yield a universal
set of quantum gates for qubits encoded using a specific kind of quasiparticle which is particularly
promising for experimental realization.
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Growing Nanowires

Molecular Beam Epitaxy
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M ajorana fermionsin semiconductor nanowires

Tudor D. Stanescu,! Roman M. Lutchyn,? and S. Das Sarma®
!Department of Physics, West Virginia University, Morgantown, \est Virginia 26506, USA
2Sation Q, Microsoft Research, Santa Barbara, California 93106-6105, USA
3Condensed Matter Theory Center, Department of Physics, University of Maryland, College Park, Maryland 20742, USA
(Received 27 July 2011; revised manuscript received 27 September 2011; published 28 October 2011)

Zero-energy end states as signature of topological superconductor
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M ajorana fermionsin semiconductor nanowires

Tudor D. Stanescu,! Roman M. Lutchyn,? and S. Das Sarma®
!Department of Physics, West Virginia University, Morgantown, \est Virginia 26506, USA
2Sation Q, Microsoft Research, Santa Barbara, California 93106-6105, USA
3Condensed Matter Theory Center, Department of Physics, University of Maryland, College Park, Maryland 20742, USA
(Received 27 July 2011; revised manuscript received 27 September 2011; published 28 October 2011)
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Zero-bias Peak as Majorana Signature

Signatures of Majorana Fermions in
Hybrid Superconductor-Semiconductor
Nanowire Devices

V. Mourik,”™ K. Zuo,™ S. M. Frolov,’ S. R. Plissard,? E. P. A. M. Bakkers,"? L. P.
Kouwenhoven't
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From Andreev to Majorana States
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Fusion Rule Device

See Poster by David Sabonis et al.
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