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Max Planck SOCiEty for the Advancement of Science

* Independent, non-profit organization (an incorporated association),
founded in 1948.

» Successor to the Kaiser Wilhelm Society, which itself was founded in 1911.

~1‘810 Mio. € Total budget of the MPS:

80% by the German Federal Government
and the individual states,

20% own income & project funding.
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Intelligent Systems




MAX PLANCK-EPFL CENTER -(Pfl-
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Phyisics

The Max Planck — EPFL Center serves as a forum for cooperative research by bringing together scientists of the Max Planck Society (MPS) and the Ecole Polytechnique
Fédérale de Lausanne (EPFL). In joint projects scientists of the Center explore novel scientific aspects of (bio)molecular nanostructures at the interface between
physics, chemistry, engineering and life sciences. The Center also creates new educational opportunities for students and young scientists.

http://mpg-epfl. mpg.de
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Nanotechnology “?



Nanorobots

Die Zeit, June 6 (2002)



bottom-up

technological self-assembly

top-down

natural self-assembly

UV lithography

electron-beam lithography

nanc-imprint lithography

scanning probe lithography
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S1ze-dependence of optical absorption
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- very large molar extinction coefficients
(how strongly a substance absorbs light at a

given wavelength) (1-5x 10® M1 cm!), ~
10-50 times larger than that of organic dyes

3200\ 3600
photon energy [meV]

excitonic peak (e-hole
pair)



S1ze-dependence of optical absorption
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Silica glass matrix
Au particles
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FARADAY'S a catalog

of his 1856
specimens

Michael Faraday discovered in
1851 that the colors of ruby gold

were due to its finely divided state.

Original Au colloids
still on display at the

Royal Institution.



Everlasting Beauty

.
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According to experts, the colloidal gold is absorbed through the skin
and helps stimulate incorporation blood circulation, increasing enzyme
activity, restoring and reconstructing the damaged cells. Also induces
the addition of mineral nutrients, while preventing skin sagging. In
addition, gold nanoparticles eliminate biological contaminants
generated by the body and encapsulated in clogged pores. This is one
of several causes of tired, prematurely aged and dull skin.



,Blue Man”
Paul Karason

COLLOIDAL SILVER |
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Sale Price: €13.95 (202)
Sale Price: €30.75 (802)
Sale Price: €46.95 (1602)

SIL.VER

‘EordlnternalkC)seks

Ag* + hv > Ag (BLUE)



Richard Feynman (1959)

,There”s plenty of room at the bottom*“



Molecular Machines
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,Enlightenment”

Optical
Microscope
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Robert Hooke (1635-1703)
Antoni van Leeuwenhoek (1632-1723)



Quantum Mechanics: Matter as Waves

De Broglie Wavelength

v hoo
p - my
wavelength

Planck’s constant (6.63 X 1034, 8)

momentum

h

m mass

-] | ¢
| wow w n

= speed

Particle energy E, (eV)

Particle:

1 10 102 10° 104 10% 108

1240
0

photons 1240 124 124 1.24 0.124 0.012

electrons | 12.3 3.89 1.23 0.39 0.12 0.037 8.7e-3

protons 0.29 0.091 2.8e-2 9.1e-3 2.9e-3 9.1e-4 2.8e-4

particle wavelength (A) at various energies



Electron-Microscope
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“‘What good would it be to see individual atoms distinctly?

. .... look at the atoms and see where they are.”
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Titan Transmission-Electron-Microscope




Atomic Resolution
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Gerhard Richter, "Graphit", 2005






..W,@nd‘ermat rial Graphene
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thinnest imaginable material (few &) .
largest surface area (-2700 m2/g) .
strongest material (theoretical limit) :

_stiffest known material (stiffer than diamond)
most stretchable crystal (up to 20% elastically)
record thermal conductivity (outperforming diamond)
S highest current density at RT (106 times of copper) -
/ com pletely impermeable (even He atoms cannot squeeze through) Ty
' highest intrinsic carrier mobility (100x larger than Si)
lightest charge carriers (zero rest mass)
largest mean free path (micron range)
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« sp?>-hybridized carbon

» mother of graphitic
materials

warping

0-D fullerene 1-D carbon nanotube

3-D graphite



2D Dirac Materials

02 02,802,502
20 S 02020802,
F"’o““’u*"’u*"’t
2oSV20s 020502

02,802, 802,807
S22 K82

i

Crystalline materials consisting of a single layer of atoms. Conic electronic
band structures. Unusual transport properties. Massless fermions
Ultra high carrier mobility



Images of Atoms

Erwin Muller =»  Field lon Microscopy (1951)

The sample is held at a large negative potential

(1-10 kV) relative to the fluorescent screen. first atomic images (1 955)



,oensing” Atoms

(1981)

Heini Rohrer Gerd Binnig



Quantum Mechanics: Tunneling

Classically
forbidden

region

particle energy

incoming particle :

wavefunction ;

: particle wavefunction
: past the barrier

Reduced probability,
but not reduced
energy!

incident

14+
J

Tunneling current
| ~e =



using an exsiccator as vacuum chamber and

lots of Scoftch tape....
”I could not stop looking at the images. It was
like entering a new world”

G. Binning, joint Nobel lecture with H. Rohrer,
December 8, 1986.
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Cu Atoms at Work

14 K

x 230
fast motion

30 nm x 32 nm



Brownian Motion

15K

x 230
fast motion

60 nm x 60 nm



«'

Brownian Motion = Einsteins most cited (19095)
publication

s ‘,..

er molekularkinetischen Theorie der Warme
ussigkeiten suspendierten Teilchen.”
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Artificial Earthquake

* 5t synchronized » Maximum Amplitude:
Football Team 0,004 mm

created by people at a football stadium



Artificial Earthquake

* One jump suffices « Maximum Amplitude:
0,0005 mm

= 500’000 Picometer
"
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Precision Laboratory at MPI| Stuttgart

¥

A

ultimate noise-free environment






Perfect Isolation in the Cube

10% 4 - Vibration Spectra in Different Laboratories

vibrational level: <10 nm/s
{1
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1 E E acoustic shielding: 60 dB

electromagnetic shielding: 60 — 100 dB
Manipulation and Spectroscopy of individual

atoms, molecules, and nanostructures
Transport measurements of quantum
structures at ultra low temperatures and high
magnetic fields.




Quantum Measurements in the Cube




100mK-14T-UHV STM

UHV compatible
dilution fridge

Energy Resolution
AE =11.4 &= 0.3peV

Rev. Sci. Instr. 84, 033903 (2013)



Spectroscopy of Single Molecules

Elastic vs. Inelastic Tunneling I
I
Tip ‘ — ()
Vacuum vV vV

ot

[ ~e™ [dE-LDOS

0

(E.+E)

Sample

dl/dVv

_ NN

vV

dl
Vacuum dVy,

~LDOS,,, ..(E +¢eV)

Sampie

Keeping the tip of a scanning tunneling microscope (STM) at fixed position over the surface and sweeping the bias voltage, one can record a I-V
characteristic. This technique is called scanning tunneling spectroscopy (STS). The first derivative gives information about the local density of
states (LDOS) of the substrate, assuming that the tip has a constant density of states. The second derivative gives information on vibrations of the
adsorbate as in IETS, which is why this technique is commonly called STM-IETS.



Vibrations of Single Molecules

Acetylen
3 b | ' | - 358 '
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0O 100 200 300 400 500
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Beyond Imaging




Rearranging the Atoms

“But | am not afraid to consider the final question as to whether,
ultimately — in the great future — we can arrange the atoms
the way we want; the very atoms, all the way down!”

© D. Eigler IBM



nformation on a Small Scale

Fe,

magnetic bit

© S. Loth MPI-FKF / IBM



r Si e ‘m Magnetic '




Market Volume (€ billion)
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Nanotechnology:
Big Business?

\
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2001 2003 2005 2007 2009 2011 2013 2015 r ‘

Year




Nanotechnology: Applications

Information
Technology

Medicine & Health

Materials
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The first Transistor

Bardeen, Brattain &
Schockley

(1949)

The first Integreated Circuit
Noyce & Kilby

(1958)




The incredible shrinking Transistor
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Log2of the Number of Components
Per Integrated Function
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Gordon E. Moore, Co-founder,

Intel Corporation. “With unit cost falling as the number of components

per circuit rises, by 1975 economics may dictate

Number 8, April 19, 1965 squeezing as many as 65,000 components on a single
silicon chip.”

Electronics, Volume 38,

Moore's law is the observation that the number
of transistors in a dense integrated circuit
doubles approximately every two years.



Small, Micro, Nano ...... Molecular o

Microprocessor Transistor Counts 1971 -2011 & Moore’s Law / g

2,600,000,000 @
@ 10 Core Xeon
1,000,000,000 @' 8 Core Xeon
AMD K10 @ Corei7
100,000,000 Gurve e
g count doubling every Pertiom4 & AMD K8
two years RO =
= @ AMD K7 e
AMDKS .-~ %
10,000,000 @ @ Pentium3
7 Pentium 2
{ay ~ AMD
. Pent
1,000,000 & -
_ 80486
® -
100,000 @ 80386
z oo 80286
intel) . a0188 : z
| = ,Moore's Law
2 HO) :
14 nm 2"d Generation — o
: : 2,300 & MOsss02
Tri-gate Transistor 1) 4004

1971 1980 1990 2000 2012

Ultimate Scale :
Molecular Dimensions

TEM image of SiO,, Barrier



Carbon
Electronics



Carbon Nanotube Computer

© Stanford

142 transistor computer — Turing complete



Bits, Pbits, Qubits

bit probabilistic bit quantum bit

Configurations: @ @ E] @ E

[1gp] [g]

p e R a, ﬁ E Cf
vation: El certainty El p percent @ |er|*percent
m 1-p percent E |8|*percent

Description: [ 1 ]
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Energy !
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S Energy-Consumption in 2011

Net Electricity

" solar | 0.0175 Imports 7
0.158 . L
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Nuclear Electricity 26.6
8.26 Generation
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Energy
357 55.6
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\ Commercial
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8.32 Industrial
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27.0

Petroleum
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It is a p—n junction diode that emits light when activated: electroluminescence, When a
suitable voltage is applied to the leads, electrons are able to recombine with electron holes within
the device, releasing energy in the form of photons. The color of the light (corresponding to the
energy of the photon) is determined h}Lﬂ]e energy band gap of the semiconductor

|

hole =H electron

o O 00 © e0© © 0 o
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Single Molecule LED

Transforming electrical current into light is critical for technologies
such as telecommunications and displays. In Physical Review
Letters, researchers report luminescence from a single polymer
molecule, representing the smallest possible organic light-emitting
diode (OLED) device.

G. Reecht et al., Phys. Rev. Lett. 112, 047403 (2014)



Single Molecule Photonics

light harvesting light emission

STM tip photosystem semiconductor semiconductor photosystem STM tip




Energy Conversion

-0 3

Artificial Photosystem |

Natural Photosystem |



Water H,0O

Energy Density
4450 Wh/I



Photocatalytic Water Splitting

H,0 + 2e"+2h* > O, + H,




Harvesting Osmotic En§rgy with MoS, Nanopores

C W

Motion of ions

Concentration

Ag/AgCl
electrode
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10

Distance from the centre of the pore (A)

12

An electrolyte is driven through narrow pores either by a pressure gradient or by an osmotic potential resulting from
a salt concentration gradient. Membranes made of two-dimensional materials are expected to be the most efficient,
because water transport through a membrane scales inversely with membrane thickness. Estimated power
density of up to 106 watts per square metre!

J. Feng et al., Nature (2016) doi:10.1038/nature 18593



Lotus Effect




BIOINSPIRED MATERIALS

Self-cleaning Lotus effect

Lotus Effect
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