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Faraday’s iron filings

2M. Faraday, ca. 1830s
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Scanning tunnelling spectroscopy on atomic-scale

3
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Magneto-optical imaging of local spin-polarization

4Kato et al., Science 306, 5703 (2004).
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Lorentz microscopy of skyrmion crystals

5Yu et al., Nature 465, 901 (2010).
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SQUID microscopy of edge currents

6Nowack et al., Nat. Phys. 12, 787 (2013).
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Energence of 2D materials and vdW heterostructures

Liu et al., Nat. Rev. Mater. 1, 1 (2016) 7
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Energence of 2D materials and vdW heterostructures

Liu et al., Nat. Rev. Mater. 1, 1 (2016) 8
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Correlated states in atomically layered materials

9
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How to decipher the mechanism behind these phenomena? 

Map weak magnetic field patterns with high spatial resolution

Mitchell & Palacios Alvarez, Rev. Mod. Phys. 92, 021001 (2020) 10
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Outline

11

• Scanning SQUID microscopy

• SQUID-on-tip sensors

• Magnetic imaging with SQUID-on-tip

• Zurich Instruments lock-in amplifiers 

• Measurement principles

• Multiple mode measurement and control

• Magnetic force microscopy 

• Scaling down the sensor

• NW MFM

• Comparison between techniques

• Which sensor for which application?

• Prospects for improvement
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Superconducting quantum interference device (SQUID)
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SQUID critical current: 𝐼𝑐  = 2𝐼0
𝐶cos /0

 = B·A
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SQUID-on-tip sensor

15Vasyukov et al., Nat. Nanotechnol. 8, 639 (2013)
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Artificial spin ice

16Wyss et al., ACS Nano 13, 13910 (2019).
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In reality…

17
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In reality…

Ceccarelli, Ph.D. Thesis in Physics, University of Basel (2020). 18
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Artificial spin ice

19Wyss et al., ACS Nano 13, 13910 (2019).
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20

40 s per frame

Ceccarelli et al., Phys. Rev. B 100, 104504 (2019).

0.6 mT 0.7 mT 0.8 mT

0.9 mT 1.0 mT 1.5 mT

Superconducting vortices in a MoSi thin film
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Dynamics and flow of superconducting vortices

Embon et al., Nat. Commun. 8, 85 (2017). 21
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Outlook: superconducting qubit devices

22Nb qubit from Wallraff group (ETHZ).
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Outlook: superconducting qubit devices

23Nb qubit from Wallraff group (ETHZ).
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Current flow in superconducting qubits

24Nb qubit from Wallraff group; images from Poggio group
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SQUID microscopy of quantum Hall edge currents

25Uri et al., Nat. Phys. 16, 164 (2020).
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SQUID microscopy of twist-angle disorder

26Uri et al., Nature 581, 47 (2020).
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• Scanning SQUID microscopy

• SQUID-on-tip sensors

• Magnetic imaging with SQUID-on-tip

• Zurich Instruments lock-in amplifiers 

• Measurement principles

• Multiple mode measurement and control

• Magnetic force microscopy 

• Scaling down the sensor

• NW MFM

• Comparison between techniques

• Which sensor for which application?

• Prospects for improvement

Outline

27
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• Scanning SQUID microscopy

• SQUID-on-tip sensors

• Magnetic imaging with SQUID-on-tip

• Zurich Instruments lock-in amplifiers 

• Measurement principle

• Multiple mode measurement and control

• Magnetic force microscopy 

• Scaling down the sensor

• NW MFM

• Comparison between techniques

• Which sensor for which application?

• Prospects for improvement

Outline
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MFM achieves down to 10 nm resolution

47

Schwenk, Ph.D. Thesis in Physics, University of Basel (2016).

Schmid et al., Phys. Rev. Lett. 105, 197201 (2010).
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48

100 µm

𝐹𝑚𝑖𝑛 = 4 𝑘𝐵𝑇Γ 𝜏𝑚𝑖𝑛 = 𝑙𝑒 4 𝑘𝐵𝑇Γ

Amplitude measurement:

𝜕𝐹

𝜕𝑥
𝑚𝑖𝑛

=
1

𝑥𝑜𝑠𝑐
4 𝑘𝐵𝑇Γ

𝜕𝜏

𝜕𝜃
𝑚𝑖𝑛

=
𝑙𝑒
𝜃𝑜𝑠𝑐

4 𝑘𝐵𝑇Γ

Frequency measurement:

𝑆𝐹 = 4 𝑘𝐵𝑇Γ

Γ =
𝑚𝜔0

𝑄
𝑑𝐸

𝑑𝑡
= −Γ ሶ𝑥2
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100 µm

𝑆𝐹 = 4 𝑘𝐵𝑇Γ

Γ =
𝑚𝜔0

𝑄
𝑑𝐸

𝑑𝑡
= −Γ ሶ𝑥2

Γ ∝
𝑤𝑡

𝑙

𝜔0 ∝
𝑡

𝑙2
𝑄 ∝ 𝑡𝑚 ∝ 𝑤𝑡𝑙

𝜔0 ∝ 𝛽−1Γ ∝ 𝛽

Scale all lengths by 𝛽:

49



ZI Applications
www.zhinst.com

‘Bottom-up’ scanning force sensors

50Rossi, Ph.D. Thesis in Physics, University of Basel (2019).
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NW Cantilevers

51Braakman & Poggio, Nanotechnology 30, 332001 (2019).
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GaAs NWs

52NWs from Fontcuberta group.
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NW force microscope

53
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NW force microscope

54Rossi, Ph.D. Thesis in Physics, University of Basel (2019).
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Interferometric displacement detection

55
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Scanning nanowire microscopy

56

Rossi et al., Nat. Nanotechnol. 12, 150 (2017).

Mercier de Lépinay et al., Nat. Nanotechnol. 12, 156 (2017).
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NWs with magnetic tips

57Rossi et al., Nano Lett. 19, 930 (2019).
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Quantifying sensitivity

58
Rossi et al., Nano Lett. 19, 930 (2019).
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Quantifying sensitivity

59

Rossi et al., Nano Lett. 19, 930 (2019).
Mattiat et al., Phys. Rev. Appl. 13, 044043 (2020).

MBE-grown MnAs-tipped NWs FEBID-grown Co NWs

Fmin = 4 aN/(Hz)1/2

At 250 nm spacing:

dB/dxmin = 11 mT/m(Hz)1/2

Fmin = 25 aN/(Hz)1/2

At 200 nm spacing:

Bmin = 3 nT/(Hz)1/2

+

-

+-
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NW MFM

60

1 µm
Py

Mattiat et al., Phys. Rev. Appl. 13, 044043 (2020).
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Scanning Nitrogen-vacancy Center Microscopy (SNVM)

Sensitivity down to 
100 nT/(Hz)1/2

Spatial resolution 
down to 10 nm

61
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Imaging current with SNVM

62Chang et al., Nano Lett. 17, 2367 (2017).

Current

𝑑

x

y

𝐵(𝑥, 𝑦, 𝑑)

Ԧ𝐽(𝑥, 𝑦, 0)Conductor

Magnetic field
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Scanning NV microscopy of 2D magnets

63Thiel et al., Science 364, 973 (2019).

Height

Source

Drain

2 m

CrI3

3 layers

2 layers

10 μm

2 μm

-20 20
σ (μB/nm2)

Sample magnetisation* σ 

-0.3 0.3
BNV (mT)

2 μm

Stray field BNV
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Contrast & Techniques

Current density റ𝐽

Magnetization 𝑀

Magnetic field 𝐵

SSM

Magnetic flux Φ𝑧

SNVM

Magnetic field component 𝐵𝑧

NW MFM

Magnetic field derivative 
𝜕𝐵𝑧

𝜕𝑥
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Sensitivity to Current

65



ZI Applications
www.zhinst.com

Sensitivity to Magnetization

66
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State of the Art

67



ZI Applications
www.zhinst.com

SQUID-on-lever (SOL)

68

Machining cantilevers by Focused Ion Beam (FIB)
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Focused Ion Beam fabrication of superconducting scanning Probes
(FIBsuperProbes)

69

▪ 2020 - 2024

▪ Basel (Coordinator)

▪ CSIC Zaragoza

▪ Tübingen

▪ IBM Zürich
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Funding:
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