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Nanoparticle interferometry
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Experimental tests of the quantum
superposition principle
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Quantum physics is everywhere in our life !

®m Chemistry:
Stability of matter
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Quantum physics is everywhere in our life !

Chemistry:
Stability of matter

Medical tomography:
Nuclear spin in magnetic imaging

Photovoltaics:
Photo effect: light comes in packets

Laser:
Bose statistics

Clocks & GPS :
Atomic quantum states

Medical sciences: . w179 2
Wave nature of neutrons in
protein crystallography
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Why does quantum physics still surprise us?

Everyday world Quantum world

Objects always in defined states Quantum superpositions
Subjective chance Objective randomness
All interactions are local Information can be non-local

Reality Potentiality ?
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The Quantum Superposition Principle is ...
A Basis for Emergent Quantum Technologies
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The Quantum Superposition Principle is ...

A Basis for Emergent Quantum Technologies

® Matter-wave based Quantum Sensors
* Electron: ultra-weak magnetic fields, surface structures, SQUIDS
* Atoms: gravity, geodesy & navigation, test of GRT
* Molecules: metrology on (bio)molecules and nanoparticles
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* “Quantum bit «|0) + |1)” rather than “classical bits 0 or 1”
— expect enormous speed-up caused by quantum superposition
* Use known quantum systems to simulate unknown complex systems
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The Quantum Superposition Principle is ...

A Basis for Emergent Quantum Technologies

® Matter-wave based Quantum Sensors
* Electron: ultra-weak magnetic fields, surface structures, SQUIDS
* Atoms: gravity, geodesy & navigation, test of GRT
* Molecules: metrology on (bio)molecules and nanoparticles

B Q-Computers & Q-Simulators, Q-Cryptography, ...
* “Quantum bit @|0) + B|1)” rather than “classical bits 0 or 1”
— expect enormous speed-up caused by quantum superposition
* Use known quantum systems to simulate unknown complex systems

® Quantum effects in biology?

* |nformation processing (magnetic orientation of birds, sense of smell..)
* Models for solar energy harvesting?
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How macroscopic can a quantum system be?

» i Electrons: <104

* Temp.:1mK ...K

SQUIDS
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How macroscopic can a quantum system be?

# Electrons: < 104

Temp.:1 mK ...K

SQUIDS

# Atoms: 10° ... 10°
Temp.:1 pK.. 1pK

Agg: single atoms

unless entangled ...

A

s

Atomic BEC
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How macroscopic can a quantum system be?

# Electrons: < 104 * Manyatoms: 107 ... 10*°

Temp.:1 mK ...K + Temp.: mK

* Agg: entire complex

SQUIDS

# Atoms: 10° ... 10°

Temp.:1pK.. 1 pK Nanospheres

Ags: single atoms (not yet quantum)

unless entangled ...

L.

Atomic BEC
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How macroscopic can a quantum system be?

# Electrons: < 10*4 * Manyatoms: 107 ... 10%°

Temp.:1 mK ...K + Temp.: mK

*  Agg: entire complex

SQUIDS

# Atoms: 102 ... 10°

Temp.:1 pK.. 1 pK Nanospheres

Ags: single atoms (not yet quantum)

unless entangled ...

.

Atomic BEC
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How macroscopic can a quantum system be?

# Electrons: < 10'4 * Manyatoms: 107 ... 10%°

Temp.:1 mK ...K + Temp.: mK

* Agg: entire complex

SQUIDS

# Atoms: 10° ... 10°

Temp.:1 pK.. 1 pK Nanospheres
Ags: single atoms (not yet quantum)
unless entangled ... * High mass: pg ...ng

A * Temp.: pK...mK

Atomic BEC Nano-Oscillators
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How macroscopic can a quantum system be?

i# Electrons: < 104

Temp.:1 mK ...K

SQUIDS

# Atoms: 10° ... 10°
Temp.:1 pK..1pK

Ags: single atoms

unless entangled ...

LS

Atomic BEC

* Manyatoms: 107 ... 10*°
* Temp.: mK

* Agg: entire complex

Nanospheres
(not yet quantum)

* High mass: pg ...ng
* Temp.: pK... mK

1 um
I

Nano-Oscillators

# of Atoms: 1 ... 10°... 10°
Temp.:4 K .. 1000 K

Agg: entire complex

Macromolecules
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So far: Schrodinger's wave equation ... holds all tests

., 0y
lhﬁ_

H 1.[; It is not ,written in stone”

I'm inclined to put my money
on the idea that
if you push quantum mechanics
hard enough it will break down - ‘ K
and something else will take over - hall™ e gl

w12 VI ISRV X i

something we can't envisage at the moment. b g S Wbin’y Schrédinger
. WIS XN ITE+ 3 X/9E5
R I P

Sir Anthony Leggett
cited in New Scientsts 2010

-

Erwin Schrodinger’s
grave in Alpbach
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Matter waves physics — “the heart of quantum physics”
lllustrates many relevant quantum effects

Louis de Broglie Erwin Schrodinger Davisson/Germer/Thomson

4B = Formalization Experimental verification
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The ,,smoking gun” of wave phenomena: Interference
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The ,smoking gun” of wave phenomena: Interference

Maximum on Maximum
— Amplification

Maximum on Trough
— Cancellation
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When particles “are” waves ...

Would you expect this: Quantum Soccer

; h
“B T
m-+v
o~
|§L‘P

Left gate open:
— single peak distribution in the goal!
— Broader than expected because of quantum wave effect
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When particles “are” waves ...

Would you expect this: Quantum Soccer

_ h
B = ,
m-+v
P
|§L‘P

Left gate open:
— single peak distribution in the goal!
— Broader than expected because of quantum wave effect
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Visualizing

Quantum Superposition
in the laboratory
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Seeing the quantum wave nature of

with single-molecule sensitivi

-k

Laser evaporation
of molecules

Preparation and diffraction
of the molecular wave function

Fluorescence imaging
of the interference pattern
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Seeing the quantum wave nature of
with single-molecule sensitivi

Phthalocyanine

Preparation and diffraction Fluorescence imaging
of the molecular wave function of the interference pattern

1
Laser evaporation & "'__m
of molecules \
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Seeing the quantum wave nature of
with single-molecule sensitivi

Phthalocyanine

Preparation and diffraction Fluorescence imaging
E of the molecular wave function of the interference pattern
A
v
| | I — |
\ -
- -
S1

Laser evaporation W
of molecules v \

Pirsa: 13050067 Page 26/73



Pirsa: 13050067

Seeing the quantum wave nature of

with single-molecule sensitivi

N

Preparation and diffraction Fluorescence imaging
E of the molecular wave function of the interference pattern
A
v

{o-

|
51 52

Laser evaporation ‘“'__m
of molecules v \J

Phthalocyanine

Nanograting, SiN
d=100 nm,
$=50 nm. t=10 nm
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Single molecule fluorescence:

molecule localization with 10 nm accuracy

. Molecule 1 Molecule 2

Number of photons

Evaporation: 445 nm, 100 mW Abrupt bleaching from one frame to
Detection: 661 nm, 50 mW, EMCCD  the next indicates single molecules
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Single molecule fluorescence: LS
molecule localization with 10 nm accuracy

. Molecule 1 Molecule 2

Number of photons

Evaporation: 445 nm, 100 mW

Abrupt bleaching from one frame to

Detection: 661 nm, 50 mW, EMCCD  the next indicates single molecules
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Delocalized propagation & localized detection
Determinism & Objective randomness
Wave & Particle

slow v

Juffmann et al. Nature Nanotechnology 2012, DOI: 10.1038/NNANO.2012.34
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Delocalized propagation & localized detection
Determinism & Objective randomness
Wave & Particle

Juffmann et al. Nature Nanotechnology 2012, DOI: 10.1038/NNANO.2012.34
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The role of intramolecular quantum fluctuations
and vdW forces

© Expenment
—\Nith vdW & source size
Point source, no vdW

Normalized intensity

-80  -40 40 80 S . i "
Position on the screen (pm)
Position (um)
PCHz: C32H]3N3
N=58, m=514
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Locality / Non-Locality / Reality

* Each molecule interferes with itself: requires delocalization
* Molecular Diameter = 2 nm,
* Molecular de Broglie wavelength 4 = 5 pm

* Almost all molecules ,of the same kind” are still clearly distinguishable:

Hundreds of different vibrational states, rotation, spin, hyperfine...
= Even delocalized molecules interact with a local environment

* the full molecular mass, polarizability and dipole moment are required
at every instant of interaction, even when the interaction is delocalized

The internal molecular properties are never ,smeared’ out.
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How to see quantum
delocalization for

even larger molecules ¢
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7% @ Optomechanical forces

3'd Grating EI-QMS
Detection Mask
2"d Grating

Diffraction

18t Grating
Coherence

(Eﬁ)ﬁ = const

Gerlich et al. Nature Physics 3, 711 (2007)
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Kapitza-Dirac-Talbot-Lau interferometry

18t Grating

Coherence

Source

Detector

EEEEEEEREDR
-
EEEEEEEER
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Kapitza-Dirac-Talbot-Lau interferometry

18t Grating 2"d Grating

Coherence Diffraction

Source

Detector

Ly =d?/A
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Kapitza-Dirac-Talbot-Lau interferometry

15t Grating 2"d Grating 3" Grating

Coherence Diffraction Detection Mask

Source

Detector

 swwwwwmass

Ly =d?/A

Nature Physics 3, 711 (2007)
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Quantum Delocalization & Interference of ,,Molecular Octpusses”

Nature Communications 2, 263 (2011).

PFNS8: 5672 amu, 356 atoms

High-contrast interferogram

a) 2400
2000 4
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1200 47

Counts / 16s

r /
Vops =49 £ 6%
Vausnt = 51%
V(|l|l <1%

T . L T
400 600 800 1000
x_ Position (nm)

Quantum

. Power (W)
Classical
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Current Record in Complex
4 2 H J2)
Quantum Delocalization & Interference

C2g4H190F 320N4S12 = i -
m=10,123 amu, N > 800 Atoms 1600 o
s/ (38)’ ’ )

w0  Molecular interferogram

ol : : A X ]
0 100 200 300 400 500 600 700 800 900 1000 1100
z/nm —l

(b) 50

Classcical Quantum

40
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g

10

0
0 05 1 1.5 2

Eibenberger, Gerlich, Arndt, Mayor, Tixen, subm. to Phys. Chem. Chem. Phys. (2013)
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Does a Quantum Octopus qualify as a Schrodinger cat ?

** A Schrodinger cat is an illustration for something that...
» is ,classical’: complex, macroscopic and evtl. warm
» is simultaneoulsy in two unambiguously discernible states

» Symbolizes quantum entanglement

413

E. Schrédinger
Die gegenwidirtige Situation in der Quantenmechanik, Naturwissenschaften, 23 (1935)
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Does a Molecular Octopus qualify as a Schrodinger cat ?

The Quantum Octopus and its brothers
More than 800 atoms
Even hotter than any living cat (500 K)
Can be brought into superpositions of two or more position states

Delocalization over 100 times the size of the molecule
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Does a Quantum Octopus qualify as a Schrodinger cat ?

* Schrodinger cat:

* Entanglement between macroscopic(classical) + microscopic (quantum) object
* ,Octopus“:

* Does not need entanglement to get in a quantum superposition

* Does get entangled in collisional decoherence - unobserved Bell state

o /\

collision

¥) == [IM) + IMR)I® |9) == Z[IM,)g1) + IMg)|gg)]
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Why don’t we see quantum effects in our daily life?

Kinematics

Decoherence

Phase averaging : scrambling of Q-waves by noise

May quantum mechanics not be valid for massive bodies?
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Kinematics: A car is just too massive

v =300 km/h

m=1000 kg

d=2m

Biie= Agp/d = 4% 10> rad

Pirsa: 13050067 Page 45/73
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Phys. Rev. Lett. 90, 160401 (2003).
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Normalised Visibility
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Phys. Rev. Lett. 90, 160401 (2003).

Thermal photons

lon countar collimation diffraction scanning daotaction
for temp mank alter
maasurement lonization
".’/
f=30cm
7.2 cm :a cm 38 cm
haating

Mean microcanonical Temperature (K)

2880 2930 2940

1540 2580

Normalised Visibility

012345678 910

Incident Laser Power (W)

NATURE, 427, 711-714 (2004).
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Thermal photons
maasurement ’{/ on Hl'.ltlorl
‘ r~
f=30cm
4 7.2 em Jacm N 38cm
‘ heating
Mean microcanonical Temperature (K)
1540 2580 2880 2930 2940
> =
z =
o b
— ®
£ £
S =]
Z =
0 2 4 6 8 10 12 14 16 18 0 1 23 4567 8 9 1
Pressure (in 10" mbar) Incident Laser Power (W)
Phys. Rev. Lett. 90, 160401 (2003). NATURE, 427, 711-714 (2004).
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Quantum physics is precise
but quantum objects are also easily

perturbed :

How can we utilize quantum wave effects

to measure tiny forces?
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Quantum physics is precise
but quantum objects are also easily
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How can we utilize quantum wave effects
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PRA 76,013607 (2007).
Angew. Chem. Int. Ed. 47,6195 (2008)
Chem. Comm. 46,4145 (2010)...
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.l Influence of external and inertial forces ,F” e

Quantum fringe is shifted by:

AX
T = time between 2 gratings - \
M=mass A
/
G3 A

PRA 76,013607 (2007).
Angew. Chem. Int. Ed. 47,6195 (2008)
Chem. Comm. 46,4145 (2010)...

Pirsa: 13050067 Page 52/73



Pirsa: 13050067 Page 53/73



Pirsa: 13050067 Page 54/73



Pirsa: 13050067 Page 55/73



Pirsa: 13050067 Page 56/73



Pirsa: 13050067 Page 57/73



Pirsa: 13050067 Page 58/73



Pirsa: 13050067 Page 59/73



Pirsa: 13050067 Page 60/73



Pirsa: 13050067 Page 61/73



Pirsa: 13050067 Page 62/73



Pirsa: 13050067 Page 63/73



Pirsa: 13050067 Page 64/73



Pirsa: 13050067 Page 65/73



Pirsa: 13050067 Page 66/73



Pirsa: 13050067 Page 67/73



Pirsa: 13050067 Page 68/73



Pirsa: 13050067 Page 69/73



Pirsa: 13050067 Page 70/73



Pirsa: 13050067 Page 71/73



Pirsa: 13050067 Page 72/73



Pirsa: 13050067 Page 73/73



