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Technological progress in a transforming society 

IBM (1956)

IBM 305 RAMAC (5 MB)

Toshiba (2019)

Toshiba MG08 (16 TB)

Cypress (2019)

Cypress

Domains naturally form to minimize stray fieldsFerromagnetism: spontaneous ordering of 

magnetic spins

M

M MM

Hysteretic switching under applied 

magnetic fields
M

HHc
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Technological progress in a transforming society 

IBM (1956)

IBM 305 RAMAC (5 MB)

Toshiba (2019)

Toshiba MG08 (16 TB)

Cypress (2019)

Cypress

Ferroelectricity: spontaneous ordering of 

electric dipoles
Domains naturally form to minimize depolarizing fields Hysteretic switching under applied 

electric fields

P
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Random access memory and field effect transistors

IBM (1956)

IBM 305 RAMAC (5 MB)

Toshiba (2019)

Toshiba MG08 (16 TB)

Cypress (2019)

Cypress

Ferroelectric-RAM (FE-RAM) Ferroelectric FET(FE-FET)

Kim, et al., Nat. Nano. 18 (2023)

“Traditional applications require

large, switchable polarization as

weak polarization is more difficult to

read and is easily masked by

leakage currents.”



Brandolini's law

“The amount of energy needed to refute bullshit is an order of

magnitude bigger than that needed to produce it.”

Wikipedia
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Lines, M. E., & Glass, A. M. (1977). Principles and Applications of Ferroelectrics and Related Materials.

Improper ferroelectrics

Jim Scott about antiferroelectrics: “antiferroelectricity

is an ill-defined, almost useless concept”

Rev. Mod. Phys. 46, 83–128 (1974)

Antiferroelectrics

Louis Néel about antiferromagnets: 

“interesting but useless”

1970 Nobel Prize Lecture

Antiferromagnets

(aka. bullshit asymmetry principle) 
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What is a ferroic material?

• Derived from ferrum („iron“)

• Iron-like behavior

• Broadly used beyond magnetism:

− (anti-)ferroic

− multiferroic

− hyperferroic

− …

dowlingmagnets.com
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Primary Ferroics

Ferroelastic Ferroelectric

Ferromagnetic Ferrotoroidic

Lottermoser, DM, Phys. Sci. Rev. psr-2020-0032 (2020)
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Primary Ferroics

Ferroic phase transition: non-disruptive phase transition that involves a 

change in point-group symmetry
Wadhawan, Phase Trans. 64, 165 (1998)

Disruptive: Both phases across the transition have at least one symmetry 

element not present in the other phase.

Severe change, not just in the space group, but in the space-

group type.

T
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Primary Ferroics

Ferroic phase transition: non-disruptive phase transition that involves a 

change in point-group symmetry
Wadhawan, Phase Trans. 64, 165 (1998)

Non-disruptive:

+P

-P

Analogy to magnetism

+M

-M
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Primary Ferroics

Ferroic phase transition: non-disruptive phase transition that involves a 

change in point-group symmetry
Wadhawan, Phase Trans. 64, 165 (1998)

Pb5Ge3O11

d1 < d2 = +P

d1 > d2 = -P

d3 = const

NOTE: Spins are quantized, whereas electric dipoles result from 

(3D) lattice distortions!
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Topological textures in ferroelectrics and ferromagnets

Junquera et at. Rev. Mod. Phys. 95, 2 (2023)

Göbel et at. Phys. Rep. 895, 1-28 (2021)
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Ferroelectric phase transition

Unit cell

P
𝐹
𝑇
,𝑃

P

Mathematical description – Landau theory of phase transitions (2nd order):

𝐹 𝑇, 𝑃 = 𝐹0 𝑇 +
𝑎

2
𝑇 − 𝑇𝐶 𝑃2 + 𝑏𝑃4

𝜕𝐹 𝑇, 𝑃

𝜕𝑃
= 0 → 𝑃 ∝ 𝑇𝐶 − 𝑇

P

T > Tc
T < Tc
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Two energy equivalent states: P

+P

-P

Nucleation and growth:

T > TC

New phase

Decreasing temperature

Formation of ferroelectric domains and domain walls
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P = 0

+P-P

+P

-P

P = 0

+P

-P

• Ferroelectric domains: Volumes of the same homogeneous crystalline structure but different spatial

orientations of the electric order parameter P.

• Domains are an essential feature of any ferroic system. By breaking up into domains, ferromagnets

and ferroelectrics substantially reduce their magnetostatic or electrostatic energy.

• Domains and domain walls naturally form at the ferroic phase transition

Formation of ferroelectric domains and domain walls
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Ferroelectric domains and domain walls

Kittel law

𝑤 =
𝜎

𝑈
𝑑

 : Energy density per unit area of the wall 

U : Volume energy density of domain

Catalan et al., Rev. Mod. Phys. 84, 119 (2012) 

• Surface charge density = dipolar moment per unit volume

 𝐸𝑑𝑒𝑝𝑜𝑙 =
𝑃

𝜀
≈ 10 − 100

𝑘𝑉

𝑐𝑚

• 𝐸𝑑𝑒𝑝𝑜𝑙 ≫ 𝐸𝑐𝑜𝑒𝑟𝑐

𝑃 = 10
𝜇𝐶

𝑐𝑚2
, 𝜀𝑟 = 100 − 1000
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Ferroelectric domains and domain walls

Hexagonal manganites (YMnO3)

paraelectric

6/mmm

ferroelectric

6mm

10 m

Manganese tungstate (MnWO4)

paraelectric

2/m

ferroelectric

2

0.5 mm
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Domains and spin / lattice excitations

Phonons

Magnons

Take home message: When talking about excitations in ferroics, domains cannot be ignored!

Ferrons



20

Example: Relation between domain walls and thermal conductivity

ErMnO3

Phonon scattering at ferroelectric domain

walls suppresses thermal conductivity.

Belrhiti-Nejjar, DM et al., Adv. Sci. E06931 (2025) 

Decreasing

domain size
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Spontaneous polarization as a secondary effect

From the symmetry point of view, the primary order parameter of improper ferroelectrics always breaks 

more symmetries than the electric polarization P (otherwise the system is referred to as pseudoproper).

Domain Walls - From Fundamental Properties to Nanotechnology Concepts, Oxford University Press, ISBN: 9780198862499 (2020)

Structurally driven

RMnO3 (R = Sc, Y, In, Dy – Lu)

𝑃𝑧 ∝ (𝑞1
3 − 3𝑞1𝑞2

2)

𝑞 = (𝑞1, 𝑞2)

Van Aken et al., Nat. Mater. 3, 164 (2004)

TbMnO3, MnWO4

Magnetically driven

𝑃𝑧 ∝ (𝑞1∇𝑥𝑞2 − 𝑞2∇𝑥𝑞1)

Katsura et al. Phys. Rev. Lett. 95, 057205 (2005)
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Structurally driven improper ferroelectric domain walls

YMnO3

Safrankova et al., Czech. J. Phys. B 17, 560 (1967)

Van Aken et al., Nat. Mater. 3, 164 (2004)



24

Structural translation domains in hexagonal manganites 

α+ ; Φ = 0 

α- ;  Φ = π

β-

Φ = π/3

β+

Φ = 4π/3

γ-

Φ = 2π/3

γ+

Φ = 5π/3

+P

+P

+P
-P

-P-P

P
ErMnO3

HAADF-STEM 
Holtz, DM et al., Nano. Lett. 17, 5883 (2017)

)𝑞 = (𝑞1, 𝑞2) ≡ (𝑞 cosΦ , 𝑞 sinΦ 𝑃~𝑞3 cos 3Φ.

Artyukhin et al., Nature Mater. 13, 42 (2013)

𝑃  5.6
μC

cm2
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P

2 m

1

2

3

4

5

6
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Stable charged domain walls

Neutral walls: 5.1  0.1 Å

Charged walls: 6.2  0.2 Å

Holtz, DM et al., Nano. Lett. 17, 5883 (2017)
Nataf, DM et al., Nat. Rev. Phys. 2, 634 (2020)

Conducting walls

Tail-to-tail

h

Insulating walls

Head-to-head

p-type semiconductor

Eliseev et al., Phys. Rev. B 83, 235313 (2011)

Gureev et al., Phys. Rev. B 83, 184104 (2011)

div P = -



Stable charged domain walls

Neutral walls: 5.1  0.1 Å

Charged walls: 6.2  0.2 Å

Holtz, DM et al., Nano. Lett. 17, 5883 (2017)

Schoenherr, DM et al., Nano. Lett. 19, 1659 (2019)

EFM

2 m

ErMnO3cAFM

DM et al., Nat. Mater. 11, 284 (2012)

Enhanced/reduced conduction

Bound charges
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Controlling electronic signals using improper ferroelectric domain walls

Uni-/bipolar currents
Environmental sensor

Mundy, DM et al., Nat. Mater. 16, 622 (2017)
Schaab, DM et al., Nat. Nano. 13, 1028 (2018)

Schultheiß, DM, et al., Nano Lett. 22, 9560 (2021)
Richarz, DM, et al., ACS Appl. Mater. Interfaces 17, 47576 (2025)
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Spontaneous polarization as a secondary effect

Structurally driven

RMnO3 (R = Sc, Y, In, Dy – Lu)

𝑃𝑧 ∝ (𝑞1
3 − 3𝑞1𝑞2

2)

𝑞 = (𝑞1, 𝑞2)

Van Aken et al., Nat. Mater. 3, 164 (2004)

TbMnO3, MnWO4

Magnetically driven

𝑃𝑧 ∝ (𝑞1∇𝑥𝑞2 − 𝑞2∇𝑥𝑞1)

Katsura et al. Phys. Rev. Lett. 95, 057205 (2005)
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Dzyaloshinskii-Moriya interaction (DMI)

• In low-symmetry systems the exchange interaction can contain an anisotropic term

• Arises due to spin orbit coupling (relativistic effect)
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Magnetically induced ferroelectricity
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Magnetically induced ferroelectricity
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Magnetically induced ferroelectricity
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Magnetically induced ferroelectricity
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Magnetically induced ferroelectricity
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Magnetically induced ferroelectricity
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Inverse Dzyaloshinskii-Moriya interaction 

Si  Sj Si  Sj

eij

Si S
j P  eij  (Si  Sj)

Chirality

P P
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Magnetically induced ferroelectricity in TbMnO3

Laser-writing of walls on demand

Manz et al., Nature Photonics 10, 653 (2016)

TbMnO3

Manz, DM et al., Nat. Photon. 10, 653 (2016)

Schoenherr, DM et al., npj Quant. Mater 5, 86 (2020)

Controlling domain by electric fields, surface charges, and light

3 m

20 K

Matsubara, DM et al., Science 3348, 1112 (2015)

100 m

P

TbMnO3
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Hyperferroelectricity – persistent polarization under open circuit conditions

Tail-to-tail Head-to-head

Garrity et al. Phys. Rev. Lett. 112, 127601 (2014)

Liu et al. J. Phys.: Condens. Matter 29, 244003 (2017)

Zhan et al., Phys. Rev. B 97, 054107 (2018)

Fava et al., Phys. Rev. B 109, 024113 (2024)

Conroy, DM et al., Adv. Mater. 36, 2405150 (2024)

LiNbO3, LiBeSb, La2Ti2O7, Sr2Nb2O7, Ca3Ti2O7,

Pb5Ge3O11

Hyperferroelectric model systems
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Unusual ferroelectric behavior in Pb5Ge3O11

Shur et al. Ferroelectrics 98, 29 (1989)

Uniaxial ferroelectric 𝑃  4.8
μC

cm2

Bak, DM et al. Adv. Funct. Mater. 30, 2000284 (2020)

Bak, DM et al. Adv. Funct. Mater. 30, 2000284 (2020)

Domain scaling Domain wall dynamics

Tikhonov, DM, et al. Adv. Mater. 34, 2203028 (2022)

Domain shape
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Piezoresponse

Lu, DM et al. Adv. Funct. Mater. 33, 2213684 (2023)
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Domain wall properties and anti-polar structure

Conroy, DM et al., Adv. Mater. 36, 2405150 (2024)

Highly mobile 

and broad 180

domain walls
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Evolution of 180° dipole flip within the wall

d1

d2
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Modulated anti-polar order – an exception to the rule?

-P

+P

Conroy, DM et al., Adv. Mater. 36, 2405150 (2024)

𝑃

• “Building blocks” enabled by hyperferroelectricity

• BUT: simple head-to-head or tail-to-tail still energetically 

favorable → excited state?

• To be continued…

Oh et al. Nature Mater. 14, 407 (2015)

Ca3Ti2O7
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Antiferroelectrics revisited

Randall et al. Jour. Amer. Cer. Soc. 104, 8, 3775 (2021)

Ferroelectric Antiferroelectric

Catalan, Gruverman, Íñiguez-González, DM, and Trassin, Nat. Mater. 25, 557 (2026)
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Domain formation in potassium niobate borate

K3[Nb3O6(BO3)2]

Becker et al. Zeit. Kris. 211, 449 (1996)

p
ro

p
e

r
im

p
ro

p
e

r

𝑃𝑎  0.03
μC

cm2
±𝑃𝑐  19

μC

cm2

Ushakov, DM et al., Nat. Nano. 21, 648 (2026)

Proto phase (𝑃6ത2𝑚)

Antipolar (LD3LE3)
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Domain formation in potassium niobate borate

K3[Nb3O6(BO3)2]

Becker et al. Zeit. Kris. 211, 449 (1996)
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𝑃𝑎  0.03
μC

cm2
±𝑃𝑐  19

μC

cm2

Ushakov, DM et al., Nat. Nano. 21, 648 (2026)

Ushakov, DM et al., Nat. Nano. 21, 648 (2026)

Becker et al. Zeit. Kris. 211, 449 (1996)
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1

1

1

1



5 m

K3[Nb3O6(BO3)2]
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Charged hybrid antiferroelectric-ferroelectric domain walls

Ushakov, DM et al., Nat. Nano. 21, 648 (2026)
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Atomic structure of hybrid antiferroelectric-ferroelectric walls

Ushakov, DM et al., arXiv:2507.01622 (2025)

Ushakov, DM et al., Nat. Nano. 21, 648 (2026)



52

Canted antiferroelectricity and new degrees of freedom

Ushakov, DM et al., Nat. Nano. 21, 648 (2026)

Electric-field poling
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