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Atome sehen




Licht ist zu grof3 fir Atome! &(IT

Licht ist eine elektromagnetische Welle




Atome “fuhlen” ﬂ(".
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Video: FZJ



Georg Binnig & Heinrich Rohrer
(Nobelpreis flr Physik 1986)






Scanning Tunneling Microscope &(IT
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Experimental
Conditions

* Temperatures
T< 1K

* Experiments in

ultra high

vacuum

For ESR

magnetic fields

up to 1 Tesla
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Xenon Atoms on a Ni surface

b

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



Bistable AFM array of Fe atoms ﬂ(IT
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Néel State ‘0’ Néel State ‘1’

Magnetic atoms

= 1nm = 1 nm

A spin-polarized STM
tip reads and writes the
magnetic state of the
AFM array by
magnetoresistive
tunneling.
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S. Loth et al., Science 335, 196-199 (2012).
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Q e Artikel  Diskussion Lesen Quelltext anzeigen Versionsgeschichte | Wikipedia durchsuchen Q
H

R

- 2 (Antwort -
WikipeplIA 4 ( )
Die freie Enzyklopidie
Die Antwort 42 ist ein Zitat aus der mehrfach verfilmten Roman- und

’ Hoérspielreihe Per Anhalter durch die Galaxis des englischen Autors
Hauptseite

Themenportale Douglas Adams.
— 1 Zufalliger Artikel Im Roman ist ,42" die von einem Supercomputer nach einigen Millionen

Mi Jahren Rechenzeit gegebene Antwort auf die Frage ,nach dem Leben,
itmachen

dem Universum und dem ganzen Rest" (englisch “life, the universe and
everything”), mit der die Protagonisten letztlich nichts anfangen kénnen, weil die Frage zu vage gestellt war.

Artikel verbessern
Neuen Artikel anlegen

32 + g + 2 P Per Anhalter durch die Galaxis...

F. Natterer, ... PW, et al., Nature 543, 226-228 (2017)
A. Singha*, P. Willke*, T. Bilgeri* et al., Nature Commun. (2021)



Quantum Science of Atoms on Surfaces &(IT
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Spin-Qubits ﬂ(".

« Spin is one of two types of atomic angular momentum (rotation) «  Zeeman Interaction:
* Associated with a magnetic moment Energy difference increases linearly with
B
=u- B
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Increasing B,
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g-factor Bohr-magneton (unit
« How do we coherently rotate a spin now? Planck- Microwave- (rpagnitude of atomic magnets)
= Spin resonance constant  frequency of magnet) M :
agnetic
field

s T \ \
/ hv = g.ug By

» Light/Microwaves are a time-dependent
WISTOWNIS S0, frequoney. ¥ magnetic field, that can rotate the spin

"'AVAVAY, between its two states

v « Same process as realized in an MR
Unpaired electron spin| \
m, =172

/

> :
Static magnetic feld I ' x‘
https://en.wikipedia.org/wiki/Electron_paramagnetic_resonance .
- |~~~ |
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https://en.wikipedia.org/wiki/Electron_paramagnetic_resonance

Spin-Qubits
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Nuclear spins

i wil2e  Ty; o Ty Jyj Jsi  Jsi Joj  Jzi Iy

1 =22052.0 50 13 -221.0 37.7 66 -1143 145 25.16
2 4895 137 1.8 186 3.9 25 79.9 3.9

3 25088.3 30 25 1.0 -135 416 12.9

4 -4918.7 10.0 1.7 54.1

5 15186.6 28 1.8 19.4

6 -4519.1 454 2.0 68.9

7 42443 316 2.0

Defects and electrons in semiconductors and

insulators

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 ﬂ(IT
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hfo = gugBAmg

B,=213mT

B,=196 mT

B,=183mT

B,=170 mT
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Single Atom Electron Spin Resonance ﬂ(IT

Karlsruhe Institute of Technology

Magnetic Sensing

N
ESR signal Al (fA)

: ' | ' | '
23.0 231 23.2 233
Frequency (GHz)

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



ESR on individual molecules ﬂ(IT

Karlsruhe Institute of Technology

X.Zhang, ..., PW, et al,,
Nat. Chem. 14, 59 (2022)
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® Rabi Oscillation Measurements
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* RF voltage can rotate the spin from the
ground to the excited state

P. Willke*, T. Bilgeri* ..., et al., ACS Nano 15 (2021) For Ti atoms: K. Yang, ..., PW et al. Science, 366 (2019)
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Interacting spins
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ESR signal (fA)
o
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Second spin acts like a
small magnet
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Entanglement

After the Hadamard, the 1st spinisin a

/ superposition
o= H —M
0) —M

Fe #2 :
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® Superposition

Y7 a0 +b-14>

® Interference
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® Entanglement
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Stuff that we are good at ST
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Magnetic Sensing Nuclear Spins Artificial Quantum Systems
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1.4} .
12l MgO/Ag(001)

1 8 - K. Yang, ... PW, et al., Nat. Commun. 12, 993 (2021)
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Change in tunnel current A/ (a.u.)
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T. Choi,..., PW et al., Nat. Nano 12,
420-424 (2017)

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