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5Iron filings, M. Faraday, ca. 1830s
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Surface of Cu2OSeO3, Marchiori et al., 

Commun. Mater. 5, 202 (2024)



Energence of 2D materials and vdW heterostructures

Liu et al., Nat. Rev. Mater. 1, 1 (2016)
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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

9



Magnetism in two-dimensions

Ising XY Heisenberg

Unique topology

Phases governed by the Berezinski-Kosterlitz-Thouless
(BKT) transition

Model phase transitions

Nat. Nanotechnol. 14, 408–419 (2019)

Mermin Wagner theorem – long range order?

Existence of magnetic anisotropy becomes crucial for 
ordering



D. L. Cortie et al., Advanced Functional Materials 30, 1901414 (2020).

Magnetic order



Y. Ahn et al., Progress in Quantum Electronics 93, 100498 (2024).

Two-dimensional magnetism timeline



How should we measure 2D magnets?

• Measurement techniques: neutron scattering, muon spin rotation, 
NMR, ESR, x-ray scattering, magnetization and susceptibility, STM, 
heat capacity & thermal transport

• 2D magnets contain few magnetic moments
• Correlation lengths are short

• Need techniques combining high magnetic sensitivity and spatial 
resolution



How to measure the magnetism of 2D 
systems?

14

Map weak magnetic field patterns with high spatial resolution

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



Magnetism in Condensed Matter, Blundell, chp. 1



Image the edges

• Out-of-plane stray field from a uniformly polarized 2D magnet



Marchiori et al., Nat. Rev. Phys. 4, 49 (2022)
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MFM achieves down to 10 nm resolution

19

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).
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NWs with magnetic tips

21Rossi et al., Nano Lett. 19, 930 (2019).



ZI Applications
www.zhinst.com

Magnet-tipped nanowires as MFM probes 

1 µm

18 µm

FEBID deposited Co magnetic tip

Si NWs (Budakian Group, Waterloo)



ZI Applications
www.zhinst.com

MFM



Magnetic Force Microscopy of bilayer EuGe2
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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
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Bilayer EuGe2: Samples
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Bilayer EuGe2: Applying out-of-plane field

Mattiat et al., Nanoscale 16, 5302 (2024).
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Bilayer EuGe2: Temperature dependence

Mattiat et al., Nanoscale 16, 5302 (2024).



Superconducting quantum interference device (SQUID)
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Christensen et al., J. Phys. Mater. 7, 032501 (2024)

2024 roadmap on magnetic microscopy techniques and 
their applications in materials science 





SQUID-on-tip sensor

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



Tip sample distance control ∼ 1 µm

Limitation: SQUID-on-tip  with Tuning fork
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SQUID + Atomic Force Microscopy

SQUID-on-Cantilever
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Nb

Fabrication of SQUID-on-lever

Effective diameter ~ 150 - 350 nm

200 nm

M. Wyss et al. Phys. Rev. Appl. 17, 034002 (2022)



Quantum Interference
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M. Wyss et al. Phys. Rev. Appl. 17, 034002 (2022)



Scanning SQUID on Cantilever Microscopy

SEM 

Piezo Scanner

f0 = 300 kHz Δz (nm) 0102030

z∼ 60 𝑛𝑛𝑛𝑛
Home-built scanning probe 

microscope

AFM 
𝐵𝐵𝑧𝑧 (mT) 0-1.5 1.5

M. Wyss et al. Phys. Rev. Appl. 17, 034002 (2022)



Reducing the size of SQUID-on-lever

d = 300 nm

d = 50 nm

200 nm

deff ≈ 360 nm

deff ≈ 140 nm

200 nm

d = 10 nm
deff ≈ 60 nm

Dieter Kölle
(Tübingen)

Armin Knoll
(IBM Zürich)

José María 
De Teresa (Zaragoza)

fibsuperprobes.com



Sub 100-nm spatial resolution

1 μm
500 nm

In preparation.

Cu2OSeO3

• Helical, conical and skyrmion phases

• Lengthscale of helimagnetic order: 62 nm



Scanning SQUID microscopy of strained 2D CrSBr



Strain response of 2D CrSBr

• A-type antiferromagnet

• TN = 132 K in bulk

• Magnetic anisotropy is biaxial 
with easy axis along a-axis

• Interlayer exchange responds to 
strain along a-axis

• Compressive – enhance AF
• Tensile – reduce AF



Strained CrSBr

Bagani et al., Nano Lett. 24, 13068 (2024).





Bagani et al., Nano Lett. 24, 13068 (2024).



Magnetic field dependence: strained sample

Bagani et al., Nano Lett. 24, 13068 (2024).



Bagani et al., Nano Lett. 24, 13068 (2024).



Magnetic field dependence: pristine sample

Bagani et al., Nano Lett. 24, 13068 (2024).



Bagani et al., Nano Lett. 24, 13068 (2024).



Magnetic field dependence

Strained Pristine

Bagani et al., Nano Lett. 24, 13068 (2024).



Comparison to micromagnetic simulations

Bagani et al., Nano Lett. 24, 13068 (2024).



Scanning SQUID microscopy of monolayer CrPS4



CrPS4

• Bulk CrPS4 is a van der Waals (vdW) A-type 
semiconducting antiferromagnet 

• Weak out-of-plane anisotropy
• Neel temperature in bulk TN = 38 K
• Monolayer’s Curie temperature: TC = 23 K

Collaboration with Morpurgo group, Geneva



CrPS4

Optical image before encapsulation• Exfoliated CrPS4 (CPS) with various thicknesses: 1 – 10s of layers

• CPS encapsulated with h-BN

Fabrication:
Dr. Menghan Liao, Prof. Alberto F. Morpurgo

University of Geneva

Study: Imaging of the monolayer’s (1L) magnetic reversal and comparison of the behavior with thicker areas



Stray field measurements
Bzac mapOptical image



Magnetism in the monolayer

No remanence observed

At ~0.5 T, 𝒎𝒎 ≤ 𝟒𝟒𝟒𝟒𝟒 of the expected saturation 
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Magnetisation reversal – few layers



Magnetisation reversal – few layers

• ~100% retentivity
• 25 mT – 50 mT coercive field

• No retentivity
• Coercive field is ~0

1L 5L
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Recent related references from our group
 Reviews
 Magnetic microscopy for materials science: J. Phys. Mater. 7, 032501 (2024)
 Magnetic field imaging for 2D materials: Nat. Rev. Phys. 4, 49 (2022)

 Magnetic microscopy probes 
 Nb and MoGe SQUID-on-tips: Appl. Phys. Lett. 122, 192603 (2023)
 SQUID-on-lever scanning probes: Phys. Rev. Appl. 17, 034002 (2022)
 Nanowire MFM fabricated by FEBID: Phys. Rev. Appl. 13, 044043 (2020)

 Chiral Magnets
 Imaging the surface of bulk Cu2OSeO3: Commun. Mater. 5, 202 (2024)

 2D Magnets
 Imaging 2D strained CrSBr: Nano Lett. 24, 13068 (2024)
 Imaging of 2D Cr2Ge2Te6: Commun. Mater. 5, 40 (2024)
 MFM of bilayer EuGe2: Nanoscale 16, 5302 (2024)
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