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Qubit Hardware?

-

Atoms?

Electrons?

Photons?Solid States?

Nuclear spins?

Molecules?
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Different Architectures

Semiconductor Quantum 
Dots: Silicon Spins

Trapped Ions

Color Centres in 
Diamond

Superconducting 
Quantum Circuits

N

V

Topological 
Qubits

Neutral Atoms/ 
Rydberg Atoms

Quantinium, IonQ

Intel

IBM, Google

Microsoft

Molecules



Zuse Z3

Electro-magnetic Relais

IBM punched card
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Qubit Hardware?

-

Atoms?

Electrons?

Photons?Solid States?

Nuclear spins?

Molecules?



Atome sehen



Licht ist zu groß für Atome!

Licht ist eine elektromagnetische Welle



Atome “fühlen”

Video: FZJ



Die Erfinder des Rastertunnelmikroskops

Tunnel current

V

tip

sample

tip Georg Binnig & Heinrich Rohrer

(Nobelpreis für Physik 1986)



Graphit



Scanning Tunneling Microscope

Experimental 
Conditions

• Temperatures 
T< 1K

• Experiments in 
ultra high 
vacuum

• For ESR 
magnetic fields 
up to 1 Tesla



Atom Manipulation



Atom Manipulation

Xenon Atoms on a Ni surface

D. M. Eigler & E. K. Schweizer, Nature 344 (1990)



A spin-polarized STM 

tip reads and writes the 

magnetic state of the 

AFM array by 

magnetoresistive

tunneling. 

Bistable AFM array of Fe atoms

S. Loth et al., Science 335, 196-199 (2012).
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Per Anhalter durch die Galaxis…

A. Singha*, P. Willke*, T. Bilgeri* et al., Nature Commun. (2021)

F. Natterer, … PW, et al., Nature 543, 226-228 (2017)



Quantum Science of Atoms on Surfaces
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Spin-Qubits

magnetic 

field

• Spin is one of two types of atomic angular momentum (rotation)

• Associated with a magnetic moment

=𝜇 ∙ 𝐵 

• Zeeman Interaction:

Energy difference increases linearly with 

B



Spin-Qubits

• How do we coherently rotate a spin now?

→ Spin resonance

https://en.wikipedia.org/wiki/Electron_paramagnetic_resonance

• Light/Microwaves are a time-dependent 

magnetic field, that can rotate the spin 

between its two states 

• Same process as realized in an MRI

Microwave-

frequency
Planck-

constant Magnetic 

field

Bohr-magneton (unit 

of atomic magnets)

g-factor 

(magnitude 

of magnet)

https://en.wikipedia.org/wiki/Electron_paramagnetic_resonance


Spin-Qubits

• Defects and electrons in semiconductors and 

insulators

• Nuclear spins
https://www.nature.com/articl

es/414883a

• Molecular and Atomic Spins

https://www.nature.com/articles/414883a
https://www.nature.com/articles/414883a


Single Atom Electron Spin Resonance

BZ = 170 mT

BZ = 183 mT

BZ = 196 mT

BZ = 213 mT

ℎ𝑓0 = 𝑔𝜇𝐵𝐵∆𝑚𝑆

Fe atom



Single Atom Electron Spin Resonance

Magnetic Sensing

T. Choi,…, PW et al., Nat. Nano 12, 420–424 (2017)



ESR on individual molecules

X. Zhang, …, PW, et al., 
Nat. Chem. 14, 59 (2022)

10 nm



Rabi Oscillation Measurements

P. Willke*, T. Bilgeri* …, et al., ACS Nano 15 (2021) For Ti atoms: K. Yang, …, PW et al. Science, 366 (2019)

or

magnetic 

field

Probe

pulse

Microwave on

• RF voltage can rotate the spin from the 

ground to the excited state
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Interacting spins
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second

Second spin acts like a 

small magnet
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f

𝑰
50% 50%

f2

Then: pi-pulse @ f2

Entanglement

After the Hadamard, the 1st spin is in a 

superposition



Superposition Interference Entanglement



Stuff that we are good at

Nuclear SpinsMagnetic Sensing

P. Willke et al., Science 362 (2018)

Artificial Quantum Systems

K. Yang, … PW, et al., Nat. Commun. 12, 993 (2021)

c

T. Choi,…, PW et al., Nat. Nano 12, 

420–424 (2017)
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