Avalanche criticality during ferroelectric/ferroelastic switching

Blai Casals!”, Guillaume F. Nataf?, Ekhard K. H. Salje!

! Department of Earth Sciences, Cambridge University, Cambridge UK
2 Department of Materials Science, Cambridge University, Cambridge UK

*plaicasals@gmail.com

Abstract

Field induced domain wall displacements define
ferroelectric/ferroelastic hysteresis loops, which are at the core of
piezoelectric, magnetoelectric and memristive devices. These
collective displacements are scale invariant jumps with avalanche
characteristics. Here, we analyse the spatial distribution of avalanches
in ferroelectrics with different domain and transformation patterns:
Pb(Mg13Nb23)Os—PbTiOs contains complex domains with needles and
junction patterns, while BaTiOz has parallel straight domains.
Nevertheless, their avalanche characteristics are indistinguishable. The
energies, areas and perimeters of the switched regions are power law
distributed with exponents close to predicted mean field values. At the
coercive field, the area exponent decreases, while the fractal dimension
increases. This fine structure of the switching process has not been
detected before and suggests that switching occurs via criticality at the
coercive field with fundamentally different switching geometries at and
near this critical point. We conjecture that domain switching process in
ferroelectrics is universal at the coercive field.



In ferroelectric materials, domain walls separate regions with different polarization directions.
Their dynamical behaviour is subject to intense fundamental and applied research as it is at the
core of ferroelectric switching™™, which is the key design parameter e.g. in piezoelectric®®,
magnetoelectric’® and memristive!®*2 devices, as well as in devices operating above GHz
frequencies®®. Furthermore, the recent research on two dimensional functionalities offered by
ferroelectric domain walls***" will find further applications once strategies to dynamically
deploy the functionalities, through the motion of domain walls, have been found.

Therefore, understanding the response of domain walls to electric fields is particularly
appealing. With this aim, two distinct approaches have been developed. The first one relies on
the study of individual domain wall movement on long-time scales. It describes the nucleation
and growth of domains and their interaction with defects, interfaces and existing domain
walls!®2°, The second one aims to understand collective movements during short-time
scales???, It considers discrete impulsive jumps, or ‘jerks’, occurring during the motion of
domain walls, as indicators of avalanches on a broad range of scales. In such ferroelectric
avalanches, any switching event is likely to trigger subsequent switching, and anisotropic long-
range interactions between local events are essential, in contrast with classic microscopic
ferroelectric models®?4, This approach is particularly relevant for the development of
neuromorphic computing architectures?® where maximal computational performances are
achieved through scale-invariant avalanches that develop at a critical point?®?, similar to
neuronal avalanches observed in the brain?®®. The key question is whether this switching
dynamics is a universal process in ferroelectrics with little or no influence from symmetry or
structural features of domain walls.

Mean-field (MF) theory applied to ferroelectrics predicts the power-law distribution of jerks?®,
which is one of the signatures of scale-free processes, and atomistic simulations show that

avalanches are induced by kinks and domain walls junctions®®-3?, as well as defects acting as



pinning centres®, Ultraslow processes have been modelled® and reveal that many of the
relevant ferroelectric parameters, e.g. the size of the switching events, follow power law
dependences under switching conditions. In order to confirm the origin of the avalanches,
optical visualisation is required and has been successfully applied during the phase transition
of martensitic materials®*=>’ and during switching in magnetic thin films®, but not in
ferroelectric materials where avalanches are usually studied through indirect methods, e.g.
acoustic emission? or displacement current measurements3%4°, Previous to these observations,
avalanche studies already revealed the stepwise behaviour of domain wall movements under
electric fields but did not lead to a quantitative analysis of avalanche characteristics* .

In this work, we combine optical microscopy and statistical analyses to characterize the motion
of ferroelastic domain wall during ferroelectric switching in two ferroelectric materials:
tetragonal BaTiOs (BTO), for which avalanches have already been studied with acoustic
emission??, and monoclinic Pb(Mg13Nb2/3)Os-PbTiOsz (PMN-PT) close to the morphotropic
boundary**. They show very different ferroelastic domain and transformation patterns: BTO is
dominated by parallel straight charged domain walls (which we have already characterized in
a previous work®), while in PMN-PT straight walls intersections lead to complex domain
walls, which are often bent, forming needle and junction patterns whose switching differ
greatly depending on the starting domain structure®®. Our optical observations bring the
experimental evidence that avalanches are triggered at kinks and domain wall junctions.
Furthermore, our ability to image directly the avalanches gives us the possibility to explore the
spatiotemporal changes of the ferroelectric domain pattern to identify switched regions. We
find that the areas of the switched regions, their energies and perimeters are power law
distributed with power law exponents close to the predicted MF values. We also show that
during ferroelectric switching, the fractal dimension of the switched regions increases and

reaches a maximum at the coercive field. This fine structure of the switching process has not



been detected before. Our results suggest that the change of the fractal dimension is the key
observable to understand ferroelectric domain motion under electric field and that switching
occurs via criticality at the coercive field with fundamentally different switching geometries at
and near this critical point. This behaviour is seen in PMN-PT and BTO so that we conjecture
that the overall domain switching process in ferroelectrics may be universal and show little
dependence on the details of the actual domain patterns.

Figs. 1a,d show two domain patterns of PMN-PT and BTO, visualised with an optical
microscope in transmission mode, as representative examples. The regions switching during
the application of a positive voltage, i.e. the ferroelectric avalanches, are shown in Figs. 1b,e.
For low voltages (< 200 V for PMN-PT and < 120 V for BTO), switched regions, defined as
topological connected entities where pixels intensity change, form patches of small areas,
around the domain walls. On approaching the coercive field (250 V for PMN-PT and 170 V
for BTO), the number of switched regions increases and their area distribution becomes
broader. At even higher fields (~350 V for PMN-PT and ~250 V for BTO), virtually no
switching occurs and the number of switched regions decreases accordingly. After a full
hysteresis loop, the accumulation maps (Figs. 1c,f) show the location of the avalanches through
the number of times each pixel has been changed, i.e. the activity. These maps show that almost
the entire field of view has been switched and that most changes occur around domain walls.
The low activity far from the coercive field indicates that most of the intensity variations
induced by the linear electrooptic are too small to be detected and remain within noise level.
The accumulated activity is higher in PMN-PT with its high concentration of bent domain
walls, junctions, kinks and intersections (Note 1 in the Supplementary Information),
confirming that avalanches are triggered at kinks and domain wall junctions®°-2. These patterns
differ greatly from the domain patterns in BTO (Figs. 1d,f) where domain walls are much

straighter and form few intersections. Nevertheless, small domain patches also form in BTO in



front of advancing domain boundaries, which are topologically very similar to the domain
patches in PMN-PT (an example for a single domain in BTO is shown in the Note 5 of the
Supplementary Information).

In Fig. 2, spatiotemporal avalanche maps of PMN-PT (Figs. 2a-g) and BTO (Figs. 2h-j) are
shown. In Figs. 2b,c and Figs. 2i,j we observe that most avalanches occur at the coercive field
(250 V for PMN-PT and 170 V for BTO) and that they are located in the vicinity of domain
walls. We established a data set of the areas A of all switched regions and the corresponding

energies as the square of the areas (E= A?). We also determine the perimeter P of the switched

H
regions. Scaling P as a function of A yields the Hausdorff dimension Hp with P~A °/2 (ref. 47,
Notes 2 and 3 in Supplementary Information), shown in Figs. 2f,g. We calculate the area
exponent T assuming a power-law distribution of the area with the probability distribution per

area interval PDF(A) ~ A", as shown in Figs. 2d,e. At the coercive field we find t = 1.7 while

the overall exponent is above 2. By comparing Figs. 2d,e and Figs. 2f,g, the anticorrelation
between t and Hp is seen when the number of switched regions is high. In the creep regime, at
high voltages, we observe few small changes of the domain patterns. The same behaviour,
including the anticorrelation between t and Hp, holds independently of the domain pattern in
any of the analysed regions. In particular, in PMN-PT, the upper part of the sample — dominated
by straight walls —and the lower part of the sample — dominated by needle and junction patterns
— behave similarly (Figs. 2b,d,f).

In Figs. 3 and 4 we plot the log-log dependences of the area, energy and perimeter for both
materials together with their Hausdorff dimensions, as integrated over the full field of view.
The anticorrelation between the area exponent T and the Hausdorff dimension Hp becomes
obvious in Figs. 3a and 4a. The distribution of area, energy and perimeter at selected
representative points (numbers 1, 2 and 3) in the different regimes are shown in Figs. 3¢ and

4c. At the coercive field, the switching operates with the lowest T (regime 1), while T increases



in the vicinity, but away from the coercive field value (regime 2). The t-values in the creep
regime (regime 3), where the jerks are uncorrelated and do not represent power laws, are
approximated by the asymptotic behaviour of the slope near the upper value of the areas
(respectively energies or perimeters) in the PDF curves. These values have no direct physical
meaning besides showing that in this regime no significant switching occurs. The Hausdorff
dimension in this regime is Hp=1.

The anticorrelations are quantitatively shown in Figs. 3b and 4b. At the minima of T we find
the maxima of Hy. The minimum value of t is 1.7 (energy exponent €=1.3) in both materials,
the corresponding Hausdorff dimension is ~1.8. The changes of the domain patterns are highly
fractal and contain a multitude of large regions with rough surfaces, which contribute greatly
to the increase of the number of avalanches at minima in t (Figs. 3e,4e). With increasing t-
value we find that Hp decreases until the switching interval has passed and Hp approaches
unity (Figs. 3a and 4a). Comparing these fine structures of the switching process with the total
switching behaviour as seen in Figs. 3d and 4d, the value of t~2-2.2is obtained, in
accordance with results of previous acoustic emission measurements in BTO?2. The closeness
of this exponent to that of regime 2 is understood by the larger duration of regime 2 compared
with regime 1 and the high number of switching events over a broader interval (Fig. 3e,4e).
The field dependence of this activity (Figs. 3e,4€) reproduces the ferroelectric hysteresis very
well, indicating the predominant role of ferroelastic domain walls in mixed
ferroelectric/ferroelastic systems.

Strain fields, which are long ranging and anisotropic, induce correlations that are a key element
in avalanches??. Such correlations had already been inferred from studies of switching
dynamics in polycrystalline materials, where depolarization fields are screened by adapting
local bound charges and elastic interactions dominate. In these systems, ferroelastic domain

walls are highly mobile compared to 180° domain walls and their synchronized movements



within grains is shown to reproduce well the ferroelectric hysteresis loop*®°. Even in uniaxial
ferroelectrics (e.g. LiNbOs and LiTaOz), where avalanche behaviour related to the movement
of non-ferroelastic 180° domain walls have been observed (but not quantified)>>?, it is possible
that secondary local strain® accompanying the movement of domain walls plays a role. In fact,
in magnetic systems, it has been shown that even magnetic Barkhausen noise depends
explicitly and strongly on strain coupling®**®.

We note that our observations for ferroelectrics are also consistent with results obtained in
other critical systems, e.g. during the failure of materials where the energy exponent £ decreases
before failure®®-8, sometimes down to the MF value € = 1.3, when the system reaches the
critical point®® while the rate of energy release diverges®®2.

We have shown that ferroelectric/ferroelastic switching progresses via avalanches in two
typical ferroelectric materials. We are able to correlate the visible domain switching with
predictions of avalanche theory and show the close agreement with the results of previous
measurements of acoustic emission in BTO?. The closeness of the avalanche characteristics
with those predicted by MF theory®? is remarkable. Surprising and somewhat counterintuitive
is the observation that fine structures appear during the switching process. The presumed
critical point of the switching process is the coercive field. At the coercive field, the area and
energy exponents correspond to an unrelaxed MF value (e = 1.3, t = 1.7), while the fractality
is maximum with Hp = 1.8. In the creep regime, far away from the main switching, the areas
are exponentially distributed which indicates uncorrelated noise and Hp=1. In between these
two regimes, the switching progresses with exponents near the field integrated MF model with
€ =1.6 and t ~ 2.2. The switching activity in this regime is reduced but spreads over a longer
time so that the overall switching follows € = 1.6 and t = 2.2. We don’t observe exponent
mixing as could be expected®® but our experimental resolution is probably insufficient for the

investigation of mixing. Furthermore, the mixing proceeds not simply via two fix points with



two exponents but via a continuous distribution of exponents which increase continuously from
e = 1.3 and t = 1.7 to greater values. Simultaneously Hp decreases, which implies that the
switched regions become more compact, with interfaces that are much smoother than those at
the critical point. At these late stages of the switching process, smooth domain walls progress
without much change to their shape. The universal framework presented here suggests
operating ferroelectrics close to the coercive field, where criticality and scale-invariant

avalanches develop, maximizing their properties.

Methods

Samples. The PMN-PT (001) sample, with composition (1-x)[Pb(Mg13Nb2/3)O3]-X[PbTiO3],
x=0.32, is a commercial sample from Atom Optics Co., LTD. (Shanghai, China), with
dimensions 5x1x0.5mm. The BTO (111) sample is from MTI corporation (USA), with
dimensions 6x1x1mm.

Optical microscopy and displacement current measurements. We visualized the
ferroelectric domain structure with an optical microscope in transmission mode (Leica), using
an objective with magnification 20X and numerical aperture 0.4. The experimental setup is
described in ref. %°, polarized white light is transmitted through the sample and an analyser is
used to select the polarization state before the CCD camera. The optical contrast between
ferroelastic domains arises from the unique symmetric polar tensor of second rank determining
the optical indicatrix of each ferroelastic domain state. In order to move domain walls, we
applied an electric field along the [100],c direction for PMN-PT (1-mm thick) and the [-110]pc
direction for BTO (1-mm thick) with two silver-paint electrodes on the sides of the samples.
We used a picoammeter (Keithley 6487) to measure the displacement current of the sample
while cycling the applied electric field (Note 6 in the Supplementary Information) to ensure

that full switching loops are measured. We cycled the voltage (electric field) between 0 and



4500V for PMN-PT at 10 V s and from 0 to £300 V for BTO at 7 V s! with a triangular
function while recording optical images at 30 frames per seconds (noted as 6t = 1/30 s). The
results presented are obtained after more than 10 cycles to avoid ‘virgin’ effects.

Statistical analysis of optical images. In order to identify the avalanches, we perform a pixel

by pixel analysis of the optical images during switching. Jerks J;; in intensity as a function of

dB;;\*
Jij = ar

where B;; is the intensity at each pixel (i and j are indices used for the spatial coordinates). The

time are defined as:

areas A of the switched regions are defined as topological connected entities where the values
of J;; are greater than a threshold. Detailed analysis shows that these regions contain an almost
constant intensity (Notes 2 and 3 in the Supplementary Information). We use as threshold a
value that is twice the mean value of the pixel’s noise under the absence of electric field. The
exact value of the threshold proved irrelevant for our observations.

For exponents, we use t for areas, ¢ for energies, and & for perimeters. They are derived from
the probability distribution function (PDF) as slopes of the log-log PDF curves and,
independently by the maximum likelihood method®* (Note 5 in Supplementary Information).
We compute the entropy of the avalanche images as — ), p log,(p), where p contains the
normalized histogram counts of switched pixels and we fit its evolution with the avalanche
occupancy with a parabolic function, following percolation theory®® (Notes 2 and 3 in

Supplementary Information).



Data availability

Optical microscopy videos showing the evolution of the domain structure during ferroelectric
switching are available from the corresponding author on request.

Code availability

The code used for the statistical analysis of optical images is available upon request.
Acknowledgments

This research was supported by a grant from EPSRC (No.EP/P024904/1) to E.K.H.S. and B.C.
G.F.N. thanks the Royal Commission for the Exhibition of 1851 for support through the award
of a Research Fellowship.

Author Contributions

All authors contributed to writing the manuscript and discussing the results. E.K.H.S.
supervised the project. B.C. and G.F.N. performed the experiments. Data analysis and code
development was done by B.C.

Competing Interests

The authors declare that they have no conflict of interest.

10



References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Liu, S., Grinberg, |. & Rappe, A. M. Intrinsic ferroelectric switching from first
principles. Nature 534, 360-363 (2016).

Shin, Y.-H., Grinberg, 1., Chen, I.-W. & Rappe, A. M. Nucleation and growth
mechanism of ferroelectric domain-wall motion. Nature 449, 881-884 (2007).
Nelson, C. T. et al. Domain Dynamics During Ferroelectric Switching. Science 334,
968-971 (2011).

Xu, R. et al. Ferroelectric polarization reversal via successive ferroelastic transitions.
Nat. Mater. 14, 79-86 (2015).

Ghosh, D. et al. Domain wall displacement is the origin of superior permittivity and
piezoelectricity in BaTiOs at intermediate grain sizes. Adv. Funct. Mater. 24, 885-896
(2014).

Li, F. et al. Ultrahigh piezoelectricity in ferroelectric ceramics by design. Nat. Mater.
17, 349-354 (2018).

Ghidini, M. et al. Shear-strain-mediated magnetoelectric effects revealed by imaging.
Nat. Mater. 18, 840-845 (2019).

Fusil, S., Garcia, V., Barthélémy, A. & Bibes, M. Magnetoelectric Devices for
Spintronics. Annu. Rev. Mater. Res. 44, 91-116 (2014).

Eerenstein, W., Mathur, N. D. & Scott, J. F. Multiferroic and magnetoelectric
materials. Nature 442, 759765 (2006).

Sharma, P. et al. Nonvolatile ferroelectric domain wall memory. Sci. Adv. 3, e1700512
(2017).

Jiang, J. et al. Temporary formation of highly conducting domain walls for non-
destructive read-out of ferroelectric domain-wall resistance switching memories. Nat.
Mater. 17, 49-55 (2018).

Chai, X. et al. Nonvolatile ferroelectric field-effect transistors. Nat. Commun. 11, 2811
(2020).

Salje, E. K. H., Wang, X., Ding, X. & Scott, J. F. Ultrafast Switching in Avalanche-
Driven Ferroelectrics by Supersonic Kink Movements. Adv. Funct. Mater. 27,
1700367 (2017).

Catalan, G., Seidel, J., Ramesh, R. & Scott, J. F. Domain wall nanoelectronics. Rev.
Mod. Phys. 84, 119-156 (2012).

Sharma, P., Schoenherr, P. & Seidel, J. Functional Ferroic Domain Walls for
Nanoelectronics. Materials (Basel). 12, 2927 (2019).

Salje, E. K. H. Multiferroic Domain Boundaries as Active Memory Devices:
Trajectories Towards Domain Boundary Engineering. ChemPhysChem 11, 940-950
(2010).

Nataf, G. F. et al. Domain-wall engineering and topological defects in ferroelectric and
ferroelastic materials. Nat. Rev. Phys. 2, 634-648 (2020).

Ishibashi, Y. & Takagi, Y. Note on Ferroelectric Domain Switching. J. Phys. Soc.
Japan 31, 506-510 (1971).

Gao, P. et al. Atomic-scale mechanisms of ferroelastic domain-wall-mediated
ferroelectric switching. Nat. Commun. 4, 2791 (2013).

McGilly, L. J., Sandu, C. S, Feigl, L., Damjanovic, D. & Setter, N. Nanoscale Defect
Engineering and the Resulting Effects on Domain Wall Dynamics in Ferroelectric
Thin Films. Adv. Funct. Mater. 27, 1605196 (2017).

Li, J. Y., Rogan, R. C., Ustiindag, E. & Bhattacharya, K. Domain switching in
polycrystalline ferroelectric ceramics. Nat. Mater. 4, 776-781 (2005).

Salje, E. K. H., Xue, D., Ding, X., Dahmen, K. A. & Scott, J. F. Ferroelectric

11



23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

switching and scale invariant avalanches in BaTiOs. Phys. Rev. Mater. 3, 014415
(2019).

Robert, G., Damjanovic, D., Setter, N. & Turik, A. V. Preisach modeling of
piezoelectric nonlinearity in ferroelectric ceramics. J. Appl. Phys. 89, 5067-5074
(2001).

Gruverman, A. et al. Nanoscale imaging of domain dynamics and retention in
ferroelectric thin films. Appl. Phys. Lett. 71, 3492-3494 (1997).

Boyn, S. et al. Learning through ferroelectric domain dynamics in solid-state synapses.
Nat. Commun. 8, 14736 (2017).

Mallinson, J. B. et al. Avalanches and criticality in self-organized nanoscale networks.
Sci. Adv. 5, eaaw8438 (2019).

Cramer, B. et al. Control of criticality and computation in spiking neuromorphic
networks with plasticity. Nat. Commun. 11, 2853 (2020).

Wilting, J. & Priesemann, V. 25 years of criticality in neuroscience — established
results, open controversies, novel concepts. Curr. Opin. Neurobiol. 58, 105-111
(2019).

Salje, E. K. H. & Dahmen, K. A. Crackling Noise in Disordered Materials. Annu. Rev.
Condens. Matter Phys. 5, 233-254 (2014).

Zhao, Z., Ding, X., Lookman, T., Sun, J. & Salje, E. K. H. Mechanical Loss in
Multiferroic Materials at High Frequencies: Friction and the Evolution of Ferroelastic
Microstructures. Adv. Mater. 25, 3244-3248 (2013).

Ding, X., Zhao, Z., Lookman, T., Saxena, A. & Salje, E. K. H. High Junction and
Twin Boundary Densities in Driven Dynamical Systems. Adv. Mater. 24, 5385-5389
(2012).

Gonnissen, J. et al. Direct Observation of Ferroelectric Domain Walls in LiNbOs:
Wall-Meanders, Kinks, and Local Electric Charges. Adv. Funct. Mater. 26, 7599-7604
(2016).

He, X. et al. The interaction between vacancies and twin walls, junctions, and kinks,
and their mechanical properties in ferroelastic materials. Acta Mater. 178, 26-35
(2019).

Ferrero, E. E., Foini, L., Giamarchi, T., Kolton, A. B. & Rosso, A. Spatiotemporal
Patterns in Ultraslow Domain Wall Creep Dynamics. Phys. Rev. Lett. 118, 147208
(2017).

Niemann, R. et al. Localizing sources of acoustic emission during the martensitic
transformation. Phys. Rev. B 89, 214118 (2014).

Balandraud, X., Barrera, N., Biscari, P., Grédiac, M. & Zanzotto, G. Strain
intermittency in shape-memory alloys. Phys. Rev. B 91, 174111 (2015).

Blaysat, B. et al. Concurrent tracking of strain and noise bursts at ferroelastic phase
fronts. Commun. Mater. 1, 3 (2020).

Shin, S.-C., Ryu, K.-S., Kim, D.-H. & Akinaga, H. Two-dimensional critical scaling
behavior of Barkhausen avalanches. J. Appl. Phys. 103, 07D907 (2008).

Tan, C. D. et al. Electrical studies of Barkhausen switching noise in ferroelectric PZT:
Critical exponents and temperature dependence. Phys. Rev. Mater. 3, 034402 (2019).
Xu, Y. et al. Avalanche dynamics of ferroelectric phase transitions in BaTiOz and
0.7Pb(Mg25Nb13)03-0.3PbTiOs3 single crystals. Appl. Phys. Lett. 115, 022901 (2019).
Akhmatkhanov, A. R., Esin, A. A., Vaskina, E. M., Alam, M. A. & Shur, V. Y.
Analysis of the switching current peaks in KTP during superfast domain wall motion.
Ferroelectrics 525, 11-17 (2018).

Shur, V. Y., Kozhevnikov, V. L., Pelegov, D. V., Nikolaeva, E. V. & Shishkin, E. I.
Barkhausen jumps in the motion of a single ferroelectric domain wall. Phys. Solid

12



43.

44,

45.

46.

47.

48.

49,

50.

o1,

52.

53.

54,

55.

56.

S7.

58.

59.

60.

61.

62.

State 43, 1128-1131 (2001).

Yang, S. M., Kim, H.-H., Kim, T. H., Kim, I. J. & Yoon, J.-G. Inhomogeneous
nucleation and domain wall motion with Barkhausen avalanches in epitaxial
PbZro4Tio603 thin films. J. Korean Phys. Soc. 60, 249-253 (2012).

Bokov, A. A. & Ye, Z.-G. Domain structure in the monoclinic Pm phase of
Pb(Mg13Nb23)O3—PbTiOs3 single crystals. J. Appl. Phys. 95, 6347—-6359 (2004).
Casals, B., Nataf, G. F., Pesquera, D. & Salje, E. K. H. Avalanches from charged
domain wall motion in BaTiO3 during ferroelectric switching. APL Mater. 8, 011105
(2020).

Wang, R. et al. Local twin domains and tip-voltage-induced domain switching of
monoclinic MC phase in Pb(Mg1sNb2/3)03-0.34PbTiOs single crystal revealed by
piezoresponse force microscopy. Phys. Rev. B 94, 054115 (2016).

Catalan, G. et al. Fractal Dimension and Size Scaling of Domains in Thin Films of
Multiferroic BiFeOs. Phys. Rev. Lett. 100, 027602 (2008).

Daniels, J. E. et al. Two-step polarization reversal in biased ferroelectrics. J. Appl.
Phys. 115, 224104 (2014).

Schultheil, J. et al. Revealing the sequence of switching mechanisms in
polycrystalline ferroelectric/ferroelastic materials. Acta Mater. 157, 355-363 (2018).
Genenko, Y. A. et al. Stochastic multistep polarization switching in ferroelectrics.
Phys. Rev. B 97, 144101 (2018).

Shur, V. Y. et al. Barkhausen Jumps During Domain Wall Motion in Ferroelectrics.
Ferroelectrics 267, 347-353 (2002).

Baturin, I. S., Konev, M. V., Akhmatkhanov, A. R., Lobov, A. I. & Shur, V. Y.
Investigation of Jerky Domain Wall Motion in Lithium Niobate. Ferroelectrics 374,
136-143 (2008).

Jach, T., Kim, S., Gopalan, V., Durbin, S. & Bright, D. Long-range strains and the
effects of applied field at 180° ferroelectric domain walls in lithium niobate. Phys.
Rev. B 69, 064113 (2004).

Dubey, A. K. et al. Modeling Barkhausen Noise in magnetic glasses with dipole-dipole
interactions. EPL (Europhysics Lett. 112, 17011 (2015).

Stefanita, C.-G., Atherton, D. L. & Clapham, L. Plastic versus elastic deformation
effects on magnetic Barkhausen noise in steel. Acta Mater. 48, 3545-3551 (2000).
Amitrano, D. Brittle-ductile transition and associated seismicity: Experimental and
numerical studies and relationship with the b value. J. Geophys. Res. Solid Earth 108,
1-15 (2003).

W. Goebel, T. H., Schorlemmer, D., Becker, T. W., Dresen, G. & Sammis, C. G.
Acoustic emissions document stress changes over many seismic cycles in stick-slip
experiments. Geophys. Res. Lett. 40, 2049-2054 (2013).

Jiang, X., Liu, H., Main, I. G. & Salje, E. K. H. Predicting mining collapse: Superjerks
and the appearance of record-breaking events in coal as collapse precursors. Phys. Rev.
E 96, 023004 (2017).

Wang, L., Ma, S. & Ma, L. Accelerating Moment Release of Acoustic Emission
During Rock Deformation in the Laboratory. Pure Appl. Geophys. 165, 181-199
(2008).

Lennartz-Sassinek, S., Main, I. G., Zaiser, M. & Graham, C. C. Acceleration and
localization of subcritical crack growth in a natural composite material. Phys. Rev. E
90, 052401 (2014).

Vasseur, J. et al. Does an inter-flaw length control the accuracy of rupture forecasting
in geological materials? Earth Planet. Sci. Lett. 475, 181-189 (2017).

Sethna, J. P., Dahmen, K. A. & Myers, C. R. Crackling noise. Nature 410, 242-250

13



63.

64.

65.

(2001).

Salje, E. K. H., Planes, A. & Vives, E. Analysis of crackling noise using the
maximume-likelihood method: Power-law mixing and exponential damping. Phys. Rev.
E 96, 042122 (2017).

Baro, J. & Vives, E. Analysis of power-law exponents by maximum-likelihood maps.
Phys. Rev. E 85, 066121 (2012).

Stauffer, D. & Aharony, A. Introduction To Percolation Theory: Second Edition.
(CRC Press, 2018).

14



a PMN-PT b

100V 200V 300V 400V

50V 100 V 150 V 200V

Figure 1. Localisation of avalanches for PMN-PT and BTO. Optical image of the initial state
of the sample for (a) PMN-PT and (d) BTO. The scale bar indicates 200 pm. Switched regions
for (b) PMN-PT and (e) BTO, at representative applied voltages. The black regions (assigned
to 1) are regions that switched between t and t+6t, with 6t = 1/30 s, while the white regions
(assigned to 0) remained unchanged. Accumulated activity maps after a full hysteresis loop for
(c) PMN-PT and (f) BTO. The colour scale indicates the number of times each pixel (~1 um?
in size) has been changed.
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Figure 2. Spatiotemporal avalanche maps for (a-g) PMN-PT and (h-j) BTO samples. The red and
green rectangles in the optical images a and h are analysed further in b, d, f, i (red) and c, e, g, j (green).
Accumulated avalanche activities integrated over space N for (b, c) PMN-PT and (i, j) BTO. (d, e) The
avalanche exponent t and (f, g) the Hausdorff dimension Hp are shown for PMN-PT. Similar graphs
for BTO are shown in the Note 4 of the Supplementary Information.
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Figure 3. Scale-invariant avalanches in PMN-PT. (a) Hp and t as a function of time. (b) Hp, Z(Ai)/Aot
(proportion of switched regions with respect to the total area) and N (avalanche activity, defined as the
number of switched regions between t and t+3t) as a function of 1. (¢) E (energy), A (area), P (perimeter)
distribution at the time steps marked as 1, 2 and 3 by arrows in (a). (d) E, A, P distribution from all the
time steps. () N as a function of the applied voltage (right axis) and its integration over the voltage
applied (left axis).
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Figure 4. Scale-invariant avalanches in BTO. (a) Hp and T as a function of time. (b) Hp, Z(Ai)/Awt
(proportion of switched regions with respect to the total area) and N (avalanche activity, defined as the
number of switched regions between t and t+5t) as a function of t. (c) E (energy), A (area), P (perimeter)
distribution at the time steps marked as 1, 2 and 3 by arrows in (a). (d) E, A, P distribution from all the
time steps. (e¢) N as a function of the applied voltage (right axis) and its integration over the voltage
applied (left axis).
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