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Why multiferroics?

• Data centers consume around 2% of generated 
electrical energy

• US -> 6M households



Disorder -> hysteresis

switching through propagation of domain walls

Ferroic switching
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This story: bulk switching, DWs and hysteresis not necessary
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Topological switching

Topological invariant – winding numberAsymmetric barrier change – rather general at low symmetry

Louis Ponet



Thouless pump

Thouless PRB 27, 6083 (1983) “Quantization of Particle 

Transport”

Rice & Mele, PRL (1982): One-Dimensional Dimerized 

Lattice Model



Topologically protected regime

L. Ponet, SA, Th. Kuhn et al., Nature 607, 81 (2022)
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Microscopic intuition: Spin-flop transition
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+ topological ferroic switching

- very low temperature (2 K), H-control, we want electric control!

Spiral magnets?
• KBN Electromagnons

• Emergent Inductance

• E control of natural 
optical activity

• E field switching? Magnetic control of ferroelectric polarization
T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, 
Y. Tokura, Nature 426, 55–58 (2003)



Polarization induced by spiral

Inverse DM/shift current mechanism:
H. Katsura, N. Nagaosa, and A.V. Balatsky, Phys. Rev. Lett. 95, 057205 (2005)
M. Mostovoy, PRL 96, 067601 (2006)
I. A. Sergienko and E. Dagotto. Phys. Rev. B 73, 094434 (2006)

𝐼

𝐻 = Ԧ𝛿𝑂 ⋅ [ Ԧ𝑟𝑖𝑗 × Ԧ𝑆𝑖 × Ԧ𝑆𝑗 ]

Bary’akhtar et al, JETP Lett 37, 673 (1983)

Ԧ𝛿𝑂

Ԧ𝑟𝑖𝑗



Model

𝐻 =෍

𝑛

𝐽1𝑆𝑛 ⋅ 𝑆𝑛+1 + 𝐽2𝑆𝑛 ⋅ 𝑆𝑛+2 + 𝐾𝑧𝑆𝑧
2 + 𝐸 × 𝑟12 [𝑆1 × 𝑆2]

J2>0 J1<0

J2> J1/4

Continuous model – Lagrangian:



Domain wall types and topology
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Two basic types of walls:

Type II: spins get almost vertical, winding number

Type I: spins lie in the plane, winding number!

Type II

Type I

1



Winding number, is it important?
• Total polarization = winding number: 𝑃 = ∫ 𝑑𝑥 𝑆 × ∇𝑆 = ∫ 𝑑𝜙 = 𝜙𝑅 − 𝜙𝐿

• Nonlocal dynamics

• Domain wall motion <=> phason

• No dielectric response in termodyn. limit!

• Damping∼domain width, 𝑣1 ∼ 𝐸/𝛼𝑤1𝑄

• Pinning ∼ sqrt(domain width), 𝐸𝑇 = 𝑘(𝑛𝑤)1/2
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Type I Type II

P+     P-𝑤1

• Domain wall motion: local
• Damping∼DW width, 𝑣1 ∼ 𝐸/𝛼
• Pinning ∼ sqrt(DW width)



Type I domain walls



E-field induced motion – type 1 DW



E-field induced motion – type 1 DW



Unusual domain inversion in spiral magnets

• Usual switching: independent 
of the domain structure

• Switching in spiral magnets: strongly 
dependent on the geometry

J Stein … M. Braden, Phys. Rev. Lett. 127 097601 (2021)



Type 2 domain wall under E-field

F= ∫ 𝑑𝑥
𝐽2𝑠𝑖𝑛

2𝑄

2
∇𝑖𝑛𝑗∇𝑖𝑛𝑗 + 𝐾𝑧𝑛𝑧

2



Type I and type II 
domain wall
motion



Disorder for type I walls

Margherita Parodi

𝐻 = ෍

𝑛

(𝐽1𝑺𝑛 ⋅ 𝑺𝑛+1 + 𝐽2𝑺𝑛 ⋅ 𝑺𝑛+2 + 𝐷𝑧 𝑺𝑛 × 𝑺𝑛+1 𝑧 + 𝐾𝑛,𝑧𝑆𝑧
2) −෍

𝑖∈𝐴

𝐾𝑥𝑆𝑖,𝑥
2

200 20



Loss of long-range order in d<4 (Larkin length)

𝐻𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = ∫ 𝑐 ∇𝑢 2 𝑑𝑦 = ∫ 𝑑𝑘 𝑐 𝑘2|𝑢𝑘 ቚ
2

𝐻𝑑𝑖𝑠 = ∫ 𝑉 𝑟 𝜌 𝑟 𝑑𝑑𝑟

𝑉𝑅𝑑/2𝜌𝑜𝑐𝑅𝑑−2𝑎2
𝑅 ∼

𝑐𝑎

𝑉𝜌

2
4−𝑑

𝑐𝑅𝑑−1𝑎2 𝑅 ∼
𝑐𝑎

𝑉𝜌

2
2−𝑑

𝐶 𝑟 ≈ 𝑒−𝑟
4−𝑑

𝐻 = ∫ 𝑐 ∇𝜙 2 − 𝑄2 2
𝑑𝑦 = 𝑐∫ ∇𝜙 − 𝑄 2 ∇𝜙 + 𝑄 2𝑑𝑦 ≈ 𝑐∫ 𝑑𝑦 ∇𝜙 2 −  𝑄∇𝜙  𝑄 2

Q

E

superelasticity





Meron domain walls



Meron domain walls

Dimerization d

Luca 
Maranzana



Meron wall defects

Skyrmion charge of the wall controls 
the nonlocal domain wall dynamics



Bloch lines and hedgehog defects



Conclusions
• 4-state unidirectional topological switching in GdMn2O5

• Key: the evolution of the potential energy surface 

• Binary counter: one H sweep – polarization toggles, two sweeps – the 
system returns to the initial state

• Search for neighboring dissimilar switching regimes!

L. Ponet, SA, Th. Kuhn et al., Nature 607, 81 (2022)

• Non-local dynamics of type-I walls

• No dielectric response from type I walls in 
thermodynamic limit

• Wall velocity depends on the domain structure

• Meron walls, defects -> nonlocal dynamics

• F. Foggetti, M.Parodi, N.Nagaosa, SA, arxiv:2204.09027

• L. Maranzana, N. Nagaosa, SA, arxiv:2403.11195

Thank you for your attention!
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