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Faraday’s iron filings

2
M. Faraday, ca. 1830s



Scanning tunnelling spectroscopy on atomic-scale
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Magneto-optical imaging of local spin-polarization

4
Kato et al., Science 306, 5703 (2004).



Lorentz microscopy of skyrmion crystals
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Yu et al., Nature 465, 901 (2010).



SQUID microscopy of edge currents

6
Nowack et al., Nat. Phys. 12, 787 (2013).



SQUID microscopy of twist-angle disorder
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Uri et al., Nature 581, 47 (2020).



Energence of 2D materials and vdW heterostructures

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

Current density 𝐽𝐽 Magnetization 𝑀𝑀
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Techniques

Map weak magnetic field patterns with high spatial resolution

Mitchell & Palacios Alvarez, Rev. Mod. Phys. 92, 021001 (2020)
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Contrast & Techniques

Current density 𝐽𝐽

Magnetization 𝑀𝑀

Magnetic field 𝐵𝐵

SSM

Magnetic flux Φ𝑧𝑧

SNVM

Magnetic field component 𝐵𝐵𝑧𝑧

MFM

Magnetic field derivative 𝜕𝜕𝐵𝐵𝑧𝑧
𝜕𝜕𝑧𝑧
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Outline

• Introduction

• Scanning SQUID microscopy (SSM)

• Imaging the surface of Cu2OSeO3 with a SQUID-on-tip probe

• Imaging 2D Cr2Ge2Te6 with a SQUID-on-lever probe

• Nanowire-based magnetic force microscopy (MFM)

• Imaging magnetic phase transition in 2D EuGe2



Superconducting quantum interference device (SQUID)
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SQUID-on-tip sensor

18
Vasyukov et al., Nat. Nanotechnol. 8, 639 (2013)



Nanometer-scale scanning SQUID microscopy

Imaging current density in superconducting qubit devices from Wallraff group (ETHZ).

Scanning SQUID microscope Mapping current density

SSM using a SQUID-on-tip probe 
operating in at 4.2 K.

Dark regions show where flux 
penetrates the circuit, while 
light regions are shielded by 

the Meissner effect (scale bar 
1 µm).

Marchiori et al., Appl. Phys. Lett. 121, 052601 (2022)

Superconducting device Mapping trapped flux

Transmon qubit with flux-control 
line coming from the bottom 

(scale bar 10 µm).

Control current flowing to the ground 
plane (scale bar 10 µm).



Imaging magnetic configurations at the surface of bulk Cu2OSeO3

Samples:

Prijaranjan Baral

Arnaud Magrez

EPFL

1 µm



Cu2OSeO3 – Chiral Magnet

Phase diagram

Masell et al.,
Phys. Rev. B 102, 180402 (2020)

Milde et al.,
Science 340, 1076 (2013)
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• Characteristics:

- Insulating skyrmion-hosting material

- Chiral magnet of the B20-type
(MnSi, Mn1-xCoxSi, MnGe, FeGe, …)

- Cubic crystal symmetry



Sample & scanning SQUID



Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study

11
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Pitch of 148 nm



Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Pitch of 153 nm



Cu2OSeO3 – Field decrease study
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Pitch of 158 nm



Tilted Conical Phase: Θ (B)

Chacon et al., Nat. Phys. 14, 936 (2018) 20



Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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50 mT



Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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Cu2OSeO3 – Field decrease study
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No translational or orientational order



Skyrmion manipulation







Cu2OSeO3 Results

• Images of the low-temperature magnetic skyrmion phase at the 
surface of bulk Cu2OSeO3

• Images reveal clusters of skyrmions whose disordered configurations 
are dominated by pinning effects

• Although some configurations observed at the surface are consistent 
with what is observed in measurements of the bulk, we find evidence 
for surface states

• Individual skyrmions can be manipulated by local electric fields in an 
insulator

• No skyrmions are created or destroyed

Marchiori et al., Romagnoli et al., in preparation
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MFM achieves down to 10 nm resolution

80

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

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



Nanowires as force sensors and scanning probes

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



NW Cantilevers

82
Braakman & Poggio, Nanotechnology 30, 332001 (2019).



GaAs NWs

83
NWs from Fontcuberta group.



NW force microscope
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NW force microscope

85
Rossi, Ph.D. Thesis in Physics, University of Basel (2019).



Interferometric diplacement detection
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Scanning nanowire microscopy

87

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

Mercier de Lépinay et al., Nat. Nanotechnol. 12, 156 (2017).



NWs with magnetic tips

88
Rossi et al., Nano Lett. 19, 930 (2019).



Quantifying sensitivity

89Rossi et al., Nano Lett. 19, 930 (2019).



Quantifying sensitivity

90

MBE-grown MnAs-tipped NWs

+-

Kirtley, Rep. Prog. Phys. 73, 126501 (2010)

Fmin = 4 aN/(Hz)1/2

At 250 nm spacing:

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



Quantifying sensitivity

91

MBE-grown MnAs-tipped NWs

+-

Kirtley, Rep. Prog. Phys. 73, 126501 (2010)

Fmin = 4 aN/(Hz)1/2

At 250 nm spacing:

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

Mmin = 50 µB/(Hz)1/2

Φmin = 1 µΦ0 /(Hz)1/2

Imin = 10 nA /(Hz)1/2



Nanowires as force sensors and scanning probes

1 µm

18 µm

FEBID deposited Co magnetic tip

Si NWs (Budakian Group, Waterloo)



Magnetic Force Microscopy of bilayer EuGe2

NWs:

Raffi Budiakian

Waterloo, Canada

Samples:

Vyacheslav Storchak

Kurchatov Institute, Russia



Magnetism in 2D EuGe2

• Monolayer exhibits in-plane ferromagnetism (FM) 
• Multi-layer (bulk) is stacked antiferromagnetically (AFM)
• layer dependent transition from AFM to FM evolves gradually from 

bulk to the monolayer, with evidence of a coexistence of both AFM 
and FM orders (exchange bias)

Averyanov et al., Nano Research 13, 3396 (2020); Tokmachev et al., Materials Horizons 6, 1488 (2019).

side view top viewMBE grown



Bilayer EuGe2: Samples



Bilayer EuGe2: Applying out-of-plane field



Bilayer EuGe2: Temperature dependence



Bilayer EuGe2: Temperature dependence



Bilayer EuGe2 Results

• Out-of-plane magnetic saturation above 4 T
• Temperature-dependent measurements in remanence show magnetic 

phase transition around 10 K
• Images suggest FM/AFM domains with characteristic length of order 

100 nm



poggiolab.unibas.ch
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