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Ferroic materials under field
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Zoology of domain wall properties

1. Phys.: Condens. Matter 10 (1998) L377-L380. Printed in the UK PII: S0953-8984(98)92366-9
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Zoology of domain wall properties
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Imaging and tuning polarity at SrTiO;
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Origin flavour of the DW properties




How a domain wall move?

DW
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time / external field

Domain wall motion

Predictable

Non-predictable
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Avalanches on domain motion.
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Strategies to control the DW motion / position

Coupling/pinning with the topography
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Strategies to control the DW motion / position

Writing (contacts, AFM, ...)

James F. Scott (1942 - 2020)

C. H. Ahn et al., Science 23, 303, 488-491 (2004)

bismuth ferrite, 30 um x 30 um.
G. Catalan et al., Nature Materials volume 19, 580 (2020)
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Measuring avalanches on ferroelectrics

“Listen”

Acoustic Emission

Strain changes

Piezoelectric sensor !
BaTiO, :

single crystal

preamplifier

m ™ Data acquisition

Voltage source . .
Silver electrode on both sides

computer

*

E. K. H. Salje et al., Phys Rev Mat (2019)

B. Casals et al., APL Mater. 8, 011105 (2020)
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Polarization changes
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Imaging patern changes

Polarization and Strain
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The Experimen_t,.-ir'ﬁagingpaffern changes

BaTiO, (111)

Simultaneous measurement:
Birefringence images and
displacement current

PMN-PT (001) (1-x)[Pb(Mg1/3Nb2/3)03]-x[PbTiO3], x=0.32

) Polarizer
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Two Ferroelectrics

BaTiO, (111)

Simple domain pattern with parallel DWs

PMN-PT (001) (1-x)[Pb(Mg, ;Nb,,;)0,]-x[PbTiO,], x=0.32

Complex domain pattern with junctions of DWs
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Pixel by Pixel analysis .
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Pixel by Pixel analysis

Fractal dimension (Hausdorff dimension) P~AHD/2
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Ferroelectric switching
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Avalanches during FE switching, PMN-PT
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H, and Tt during FE switching
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Spatiotemporal mapping, PMN-PT
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PMN-PT, BaTiO,
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Avalanche criticality in ferroelectrics switching

namre
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Domain wall interaction change the dynamics

PHYSICAL REVIEW RESEARCH 1, 032025(R) (2019)

SrTiO,

Electric-field-induced avalanches and glassiness of mobile ferroelastic
twin domains in cryogenic SrTiO;

Blai Casals®," Sebastiaan van Dijken®,? Gervasi Herranz®,* and Ekhard K. H. Salje®'

PHYSICAL REVIEW LETTERS 120, 217601 (2018)

Low-Temperature Dielectric Anisotropy Driven by an Antiferroelectric Mode in SrTiO;

Blai Casals,' Andrea Schiaffino,' Arianna Casiraghi.® Sampo J. Hiimiiliiinen.” Dicgo Lépez Gonzdlez,”
Sebastiaan van Dijken,” Massimiliano Sh:ngu:l."3 and Gervasi Herranz'
Case B: Complex twin pattern

(d) %
- —6 K complex
4+ g -—=—c=1.6
—6 K simple
-=-e=1.4
3 L
z
e
g 2}
10 Vimm)4{0 Vimm)
E=0 |
0 " "
E#0 -4 3 -2 | 0
|0910(EJerk)

26



Aspect ratio, domain pattern

Avalanche Criticality in LaAlO;: The Effect of Aspect
Rati Sci. Rep. 2022
LaAlO, .

John J. R. Scott!, Blai Casals’, King-Fa Luo', Atta Haq’, Davide Mariotti’, Ekhard K. H.
) Salje’, and Miryam Arredondo’
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Peeling Wrinkled surface
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Wrinkle domains?

Wrinkle angle
90 deg




Ferrowrinkle, wrinkles as ferroelastics

Scheme of compressin device
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Wrinkles as ferroelastics
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Wrinkle defects zoology A

b
Folds Grain boundary Grain boundary or Fold + dislocation Disclination
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All animals in the same field of view
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Ni thin film

35



Magnetic waves, magnetoelastic coupling

Strain wave Spin wave

Piezoelectric LiNbO,

PHYSICAL REVIEW LETTERS 124, 137202 (2020)

Generation and Imaging of Magnetoacoustic Waves over Millimeter Distances

Blai Casals®,"* Nahuel Statuto®.*® Michael Foerster®,” Alberto Herndndez-Minguez®.* Rafael Cichelero®,"’
g . . 1 on 3.5 . 3 s - 2.6 oy 1,26,
Peter Manshausen®,"! Ania Mandziak®,” Lucia Aballe®.” Joan Manel Hernandez®,™® and Ferran Macia®

*
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Magnetoacustic waves

Applied field
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Magnetoresistance under SAW

1600 MHz
2500r [~

2400 ¢

1400 MHz
1113 MHz 2300 F

990 MHz = 2200

|
743 MHz f}mo

2000 |
496 MHz
1900 |

371 MHz
1800 1

273MHz ;700!

124 MHz 1600 *




Change of dynamics, wave-wall interaction

Exponent from magnetoresistance measurements
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Domain wall ressonance

Micromagnetic simulations Temperature changes?
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It can be observed with MOKE
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Change of dynamics, wave-wall interaction

Exponent from magnetoresistance measurements
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Correlation betwen criticallity and fractality

><108 b
4

Statistical model (collapse model) 0210

Nqo(t) = f(ONs(t — 1) + g(t)

25— B | L
.:.-_1 l'-i!." o LIS S

N(t)

| 80
v 15+ Hp m
P b 60
1+ ' 50

0 50 100

i
o
Occupation (%)

etopo

B. Casals, E. K.H. Salje, PRE 2021

Not collapsed Collapsed

46



Ferroelectrics, ferroquakes

Avalanches map

Initial state image
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Ferroelectrics, neuromorphics

Neuromorphic computing Ferroelectric materials for neuromorphic
computing

Cite as: APL Mater. 7, 091109 (2019); doi: 10.1063/1.5108562
Submitted: 30 April 2019 + Accepted: 5 September 2019 +
Published Online: 19 September 2019

S. Oh, H. Hwang, and |. K. Yoo’

Neuronal Avalanches Differ from Wakefulness to Deep
Sleep - Evidence from Intracranial Depth Recordings in
Humans

Viola Priesemann [&], Mario Valderrama, Michael Wibral, Michel Le Van Quyen

Published: March 21, 2013 = https://doi.org/10.137 1/journal pcbi. 10029385

Relation between

/10.1038/541467-020-16548-: OPEN

Control of criticality and computation in spiking
neuromorphic networks with plasticity

Benjamin Cramer'™ David Stéckel!, Markus Kreft!, Michael Wibral2, Johannes Schemmel', Karlheinz Meier! &

Viola Priesemann@® 34°%

ARTICLE B Ovck o vpien criticality, task-
i performance

48



From unit cell to the sky

Same ferroelectric sample

TEM PFM Optics
nMm nm - [lm LM - mMmm
Shelly Conroy data (?) Thin film PZT (1.98-2.87) Bulk BTO PMNPT (2.2)

P. Tickmantel et al. PRL 126, 117601 (2021)

10
log, ,(E, A, P)
B. Casals et al., APL Mater. 8, 011105 (2020)
B. Casals et al., Nat. Commun. (2021)
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Same material, different measurements

Acoustic Emission

Strain changes

“Touch”
5 o

Displacement current

Polarization changes

Imaging patern changes

Polarization and Strain

STO, LAO (Ferroelastic)

References:

Phase BaTiO;,... BaTiO; ,PMNPT, ...
transition £=1.35 e=1.3 =15
Ferroelectric BaTiO, ,... PZT
Switching €=1.65 e=1.61

e=1.4-1.6

Same sample for all measurements, same energy exponent?

PDF(E) ~ E
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APL Materials ARTICLE scitation.org/journal/apm

Same dynamics

Avalanches from charged domain wall motion in
BaTiOs during ferroelectric switching

Cite as: APL Mater. 8, 011105 (2020); doi: 10.1063/1 5128892 an iy @
Submitted: 23 September 2019 + Accepted: 17 December 2019 « L
Published Online: 10 January 2020

Blai Casals, Guillaume F. Nataf,’ David Pesquera, and Ekhard K. H. Salje
3 ) —% T T T
— Images 257 = =1.6 fit Images
Current e 'gﬁﬁagggu"e"t
25 AE ref 2 —— Current
>
LU =
il ) 1.5 h
= 2
o 11
1.5
05 B h
i
1 0 1180
2 2 4 -3 0 1 2 3
IOg‘lO(EJerk)

“Touch” “Watch”

Acoustic Emission Displacement current Imaging patern changes

Strain changes  Polarization changes Polarization and Strain

€=1.6 €=1.6 €=1.6

52



BUNIVERSITY OF
IPCAMBRIDGE

p—
i
i
i
—

3

a BaT

a

53



=3

o

o

=

3
electrode

o
S
S
o
L
)

54




—

Single domain analysis, BaTiO,
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Ferroics and Barkhausen
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Domain wall (DW) by optics
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Summary and conclusions
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Avalanches during FE switching, BaTiO,
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Hysteresis from avalanches

Area occupied by avalanches X(A.)/A
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f ) a m e d y n a m l' C 5 APL Materials ARTICLE scitation.org/journaliapm

Avalanches from charged domain wall motion in
BaTiOz during ferroelectric switching

Cite as: APL Mater. 8, 011105 (2020); doi: 10.1063/1.5128892 th G)
Submitted: 23 September 2019 + Accepted: 17 December 2019 « il
Published Online: 10 January 2020
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Ferroelectrics, beyond memories
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Pixel by Pixel analysis
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Avalanche statistics, power law distribution

Snow avalanches
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