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Single-
photon
source

with 50% probability

ConceptualConceptual challengeschallenges of of quantumquantum theorytheory: : RandomnessRandomness

 ObjectiveObjective randomnessrandomness!!

A. Einstein, 1917 Z. Physik

““The Weakness of the Theory lies The Weakness of the Theory lies 
... in the Fact, that Time and ... in the Fact, that Time and 
Direction of the Elementary Direction of the Elementary 
Process are left to Process are left to „„ChanceChance““..””



Single-
photon
source

with 100% 
probability

WHICH WAY? A WHICH WAY? A oror B?B?

ConceptualConceptual challengeschallenges of of quantumquantum theorytheory: : WhichWhich way?way?



QuantumQuantum--SuperpositionSuperposition: : 
howhow cancan wewe talktalk aboutabout physicalphysical

realityreality in a in a consistentconsistent way?way?





Erwin Schrödinger

• non-separable quantum states
• state describes only joint correlations
• no information on individual subsystems

Naturwissenschaften 23, 807 (1935)

VerschrVerschräänkung / nkung / EntanglementEntanglement



Entanglement in 
particular shows that a 
quantum mechanical
description of physical
reality is incomplete!

That is correct. 
However, it cannot be

completed (in a 
reasonable way)! John Bell (1964)



J. S. Bell, Physics 1, 1 (1964)
Greenberger, Horne, Zeilinger (1989)

BellBell‘‘ss Theorem / GHZ TheoremTheorem / GHZ Theorem

A) Predictions of quantum theory are correct

B) RealismRealism:: The outcome of any measurement depends on 
properties carried by the system prior to and 
independent of the measurement

C) LocalityLocality:: The outcome of any meaurement is independent 
of actions in space-like separated regions.

Bell’s theorem: granted A), either B) or C) or both failBell’s theorem: granted A), either B) or C) or both fail

Alice Bob

1

-1

1

-1
1   2 1   2

Entangled
Source

experimentally testable using entangled particlesexperimentally testable using entangled particles



Alice Bob

A1=±1, 
A2 = ±1
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Local Realism: E11+E12+E21-E22 ≤ 2

Quantum Mechanics: 22

Correlation function:  E21=p(A2B1=1)–p(A2B1=-1)

B1= ± 1, 
B2 = ± 1

Bell 1964, CHSH 1969, Bell 1971, CH 1974, GHZ 1989
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BellBell‘‘ss TheoremTheorem
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Bell ExperimentsBell Experiments

PRL 28, 938 (1972)

No No deviationdeviation fromfrom quantumquantum
theorytheory!!

Experimental 
loopholes? 

(locality! Static
settings)



Bell Experiments Bell Experiments underunder localitylocality conditioncondition

Random setting of measurement direction: 
„spooky action“ or non-realism?

Aspect  Aspect  
et al. et al. 
19841984

Zeilinger  Zeilinger  
et al. et al. 
19981998



Bell test over 144 km, Scheidl, Zeilinger et al. (2008)

Entanglement over 144 km, Ursin, Weinfurter, Zeilinger et al., Nature Physics (2007)



Which assumption is wrong?

 Locality? 

 Realism? 

 Locality and realism? 

 …other pre-assumptions? (Aristotelean logic?)

Local realistic theories are inconsistent

with predictions of quantum theory

with experimental observation

LocalLocal realisticrealistic theoriestheories are inconsistentinconsistent

with predictions of quantum theory

with experimental observation

WhatWhat isis leftleft? ? 



Quantum Quantum CryptographyCryptography

EntanglementEntanglement creates
shared random
sequence (=key)

SecuritySecurity
guaranteedguaranteed e.ge.g. . 
byby Bell Bell inequalityinequality
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Original: (a)

XOR XOR
Bitwise Bitwise

Encrypted: (b)

Alice's Key Bob's Key

Decrypted: (c)

Jennewein et al., Mai 2000

Bank Austria

Town Hall

Vienna, 21. April 2004Vienna, 21. April 2004: 
Worldwide first bank transfer encrypted
via quantum cryptography

Quantum Cryptography



42 European partners from
University and Industry
Quantum Cryprography in Vienna‘s
glass fibre network



Quantum InformationQuantum Information

Bit Qubit

1

0
Q =     (0 + 1)2

1

„„00““ oror „„11““ „„00““ andand „„11““
|computer> = 00000000
|computer> = 00000001
|computer> = 00000010

|Q-computer> = 00000000 + 00000001 + 
00000010 + …
…



QUANTUMQUANTUM--HYBRIDHYBRID--TECHNOLOGIES:TECHNOLOGIES:

Quantum Quantum informationinformation processingprocessing

Quantum Quantum metrologymetrology

Quantum Quantum simulationsimulation

……

Atoms on a chip

„artificial“ atoms

nanomechanics

Cold matter

The The zoologyzoology of of quantumquantum systemssystems
• Photons
• Atoms/Ions
• neutrons, electrons
• Atomic gases, ultracold atoms
• Quantum dots
• Superconducting electronic circuits
• Spins in solid states
• Micro- and nanomechanical resonators
•…

Solid state!



Quantum Quantum entanglemententanglement: a : a keykey resourceresource



QQ--BYTE!BYTE!

R. Blatt (Innsbruck)



„„OneOne--WayWay““ Quantum ComputerQuantum Computer
(Raussendorff & Briegel 1998; 
exp: Walther, Zeilinger 2005)

Multi-particle Entanglement as a universal resource



• NV centers as qubits (+ microwave)
• cantilever with magnetic tip

• capacitive coupling of cantilevers:
phonon bus

quant-ph 0908.0316 (2009)

mechanical modes

photons 

charge

magnetic flux 

atoms 

Quantum Quantum informationinformation: : 
mechanicalmechanical quantumquantum busbus**

* Requires strong coupling regime; 
see e.g. Gröblacher et al., Nature 2009

MechanicalMechanical Quantum Quantum HybridsHybrids forfor QIPCQIPC



MechanicsMechanics coupledcoupled to quantum to quantum systemssystems

chargecharge spinspin photon photon 
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< 50 aN < 0.05 aN

< 102 aN ~ 103 aN

~ 10-3 aN

UU

qubit coupled to NEMS

single electron spin - MOMS

qubit SSET

nanomechanics

LaHaye/Schwab/Roukes/
Echternach (Caltech)

Rugar et al. (IBM)

BEC coupled to MEMS

Treutlein/Hänsch (MPQ)
Reichl (ENS)

Cleland / Martinis 
(UCSB)

Superconducting phase 
qubit and MEMS



MechanicalMechanical Systems IN Systems IN thethe quantumquantum regimeregime

Ramsey-type interference

Cleland/Martinis
groups (UCSB); 
April 2010

6 GHz 6 GHz piezopiezo vibrationvibration
 n ~ 0.07 @ 20 mKn ~ 0.07 @ 20 mK



MechanicalMechanical systemssystems CLOSE TO CLOSE TO thethe quantumquantum regimeregime

NanomechanicsNanomechanics close to the quantum ground state

Schliesser et al., Nature Physics 5, 509 
(2009)

Rocheleau et al., Nature 463, 72 (2010)

 Laser cooling by optical photons

<n> ~ 30<n> ~ 30

MicromechanicsMicromechanics close to the quantum ground state

 Laser cooling by microwave photons

<n> ~ 4<n> ~ 4

<n> ~ 60<n> ~ 60

Vienna (Aspelmeyer group):
• Ultracold micromechanics with Bragg mirror pads
• Laser cooling in a cryogenic cavity

Munich (Kippenberg group):
• Microtoroidal mechanics
• Sensing close to the uncertainty limit

Gröblacher et al., Nature Physics 5, 485 (2009)

Caltech (Schwab group):
• Nanomechanical resonator inside a 
superconducting microwave cavity
• precooling in dilution cryostat



MechanicalMechanical couplingcoupling to to quantumquantum systemssystems

Gröblacher et al., Nature 460, 724 (2009)

StrongStrong mechanicalmechanical couplingcoupling

StrongStrong mechanicalmechanical couplingcoupling to to quantumquantum systemssystems
O’Connell et al., Nature, advance online publication

LaHaye et al., Nature 459, 960 (2009)



MicroMicro-- and and NanoNano--OptomechanicalOptomechanical Systems Systems 
for ICT and QIPC (MINOS)for ICT and QIPC (MINOS)
an FP7 STREP Project of an FP7 STREP Project of thethe FETFET--OpenOpen InitiativeInitiative

10/2008 – 10/2011, 6 EU partners, 2.3M€
Worldwide first concerted effort, USA & Australia ramping up now



FromFrom quantumquantum technology to technology to quantumquantum foundationsfoundations



Physics World, July 2008

Aspelmeyer & Zeilinger



FromFrom quantumquantum technology to technology to quantumquantum foundationsfoundations

??

Mechanical quantum
systems provide

access to a complete
new parameter

regime for
experimental physics

(size, mass, 
sensitivity)

Mechanical quantum
systems provide

access to a completecomplete
newnew parameterparameter

regimeregime forfor
experimental experimental physicsphysics

(size, mass, 
sensitivity)



Today (existing technology):
• single electron-spin detection via magnetic resonance
• attometer-scale displacement sensing (10-18 m)
• zeptonewton-scale force sensing (10-21 N)
• yoctogram-scale mass sensitivity (10-24 g)

MechanicalMechanical (Quantum) (Quantum) HybridsHybrids –– forfor sensingsensing

 3D imaging of individual macromolecules (Rugar, IBM)
 Novel magnetometers based on spins in diamond (Lukin, Harvard)
 Mechanical detection of Casimir forces (Capasso, Harvard)
 Measuring Gravitation at small length scales (Kapitulnik, Stanford)
Improving the sensitivity of gravitational wave detectors (LIGO, GEO)
…

Exploiting a new regime of (mechanical) sensing

Towards quantum limits of force- and displacement detectionTowards quantum limits of force- and displacement detection



C. L. Degen et al., PNAS 108, 1313 (2009)

Example: 3D reconstruction of a 
Tobacco Mosaic Virus by magnetic
resonance force microscopy
(Rugar group, IBM)
 100 million times improvement 
in volume sensitivity compared to 
best conventional MRI 



E. Schrödinger, Naturwissenschaften 23, 52 ff. (1935) 

SchrSchröödingerdinger‘‘ss Cat: The Cat: The MeasurementMeasurement ProblemProblem

single-photon 
source

Schrödinger’s Cat = Entanglement involving macroscopically distinct states
should be possible for arbitrarily large systemsarbitrarily large systems



20μm
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Fundamental Fundamental vsvs AppliedApplied Research: Research: GiveGive and Takeand Take……

First Bell experiments

First Quantum Cryptography (BB84)

First Quantum Teleportation

IST QuComm
1st FET PI on Quantum 
Information (FP5)

Pathfinder project for
quantum information

science (FP4)



• Quantum Foundations has radically changed our view of 

information processing QIPC

• Quantum Information Technologies have opened up a 

new frontier for fundamental research (also: QIT for solid 

state, field theory, etc.)

• New experiments on the foundations of quantum physics

will eventually lead to new (quantum) technologies

TakeTake--HomeHome MessageMessage


