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ABSTRACT

Ferroelastic domain walls are typically twin interfaces. They contain a multitude of emerging properties, including (super-)conductivity,
polarity, optically activity, and photovoltaic properties and may contain a number of magnetic properties even when there is no magnetic
element in the ferroelastic matrix. Current progress to determine these properties is reviewed. Local wall properties change a little if the
domain walls are deformed, but external fields can shift the location of the wall. Mobile domain boundaries carry with them the locus of
any emerging property. The double flexibility of functional domain walls and the possibility to move domain boundaries provide a new
design concept for device manufacturing. Some potential avenues for device designs are discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0029160

I. INTRODUCTION

Current research in ferroelastics is dominated by the investiga-
tion of emerging properties of domain walls (Salje, 2012) rather
than the properties of the bulk. Most domain walls in this research
were simple twin walls and were already explored in the 1990s
(Lawless and Fousek, 1970 and Janovec et al., 1999). The simple
geometrical and crystallographic descriptions of twin walls were
summarized by Salje (1993) and put into connection with ferroe-
lasticity. A massive change in the perception of twin boundaries
emerged when two new fundamental aspects were identified over
the last few decades. First twin walls in some materials show
(super-)conductivity (Aird and Salje, 1998; Seidel et al., 2009; 2010;
Guyonnet et al., 2011; Farokhipoor and Noheda, 2011; Meier et al.,
2012; Rojac et al., 2017; Sluka et al., 2013; and Ma et al., 2018),
polarity (Goncalves-Ferreira et al., 2008; Scott et al., 2012; Salje
et al., 2013; Wei et al., 2014; Nataf et al., 2017; Van Aert et al.,
2012; Salje, 2010; Catalan et al., 2012; Seidel, 2012; and Meier,
2015), optical frequency doubling in confined spaces (Yokota et al.,
2017; 2018; 2019), phonon shifts (Salje, 1992), and photovoltaics
(e.g., Yang and Alexe, 2020). Second, external forces move domain
walls unless they are highly pinned. These movements control spa-
tially and temporarily emerging properties. The combination of
local properties and the ability to shift their locus often leads to the
formation of complex domain patterns that are at the heart of

domain boundary engineering (Salje et al., 1983; Salje, 2010; Salje
and Parlinkski, 1991; Salje and Wruck, 1983; Kim et al., 2010; and
Viehland and Salje, 2014). The goal is now to use these design
options to develop novel device materials, which perform better
than current bulk devices.

Increased spatial resolution of atomic force microscopy and
high-resolution transmission electron microscopy and develop-
ments in optical techniques (Nataf and Guennou, 2020) have
helped to identify active sites in domain walls (Kirbus et al., 2019
and Eng et al., 1999) and clarified that the thickness of the non-
magnetic domain walls are typically in the range of 1–10 nm
(Chrosch and Salje, 1999; Hayward et al., 1996; Van Aert et al.,
2012; Gonnisen et al., 2016; Jiang et al., 2018; and Shilo et al.,
2004). In this paper, we progress one step further and focus on the
dynamic properties of domain walls. Under external forcing, their
dynamics can be divided into “smooth” and “non-smooth” move-
ments. Smooth movements during ferroelectric and ferroelastic
switching are traditionally described by the nucleation and growth
(respectively shrinkage) of domains (Ishibashi and Takagi, 1971
and Miller, 1958). Non-smooth, collective movements operate dif-
ferently. Domain walls exhibit jumps, which sometimes trigger
other jumps and create avalanches. The domain patterns are fractal
(Zaiser, 2006) and defy the mechanical continuums description
(Lee et al., 2006; Salje and Ishibashi, 1996; Salje, 1988; and Conti
et al., 2011). Their temporal evolution defines avalanches that are
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described within the framework of “crackling noise” (Sethna et al.,
2001 and Salje and Dahmen, 2014) where the movements of
domain walls are characterized statistically by analyzing the proba-
bility P(J) of a jump J to occur. It turns out that the probability is
very often power law distributed with P(J)∼ J−α ⋅ F(J), where F(J)
describes an exponential and non-universal cutoff. The exponent α
is typically related to universality classes, whereby the pinning–
depinning scenario is dominant for ferroic materials.
Experimentally, a large number of experimental techniques (acous-
tic emission, depolarization current measurements, optical micros-
copy, dynamical mechanical analyzer, etc.) have been applied to
observe these jumps and their distributions (Vives et al., 1994;
Gallardo et al., 2010; and Nataf et al., 2014). Considerable theoreti-
cal work has also been undertaken in order to provide the tools to
analyze these distributions, many of which are based on the
maximum-likelihood (ML) method (Alava et al., 2006; Clauset
et al., 2009; Baró and Vives, 2012; Salje and Dahmen, 2014; and
Salje et al., 2017a; 2017b). In addition, jerky non-smooth move-
ments can be overlaid by smooth wall progressions so that one
needs to distinguish between jerks (non-smooth) and less jerky
behavior. More recently, Weiss was the first to use the terms “wild”
(for jerky, non-smooth) and “mild” (for smooth) behaviors. This
intuitive notion correctly implies that the smooth behavior also
contains highly non-linear excitations and is not confined to har-
monic phonon processes (Weiss et al., 2015; Yang et al., 2020;
Chen et al., 2020; and Zhang et al., 2020).

II. PINNING, AVALANCHES, AND THEIR
MEASUREMENTS

Domain walls are highly mobile at T > 400 K in the prototypic
ferroelastic material LaAlO3, which we now use to exemplify the
approach (Hayward et al., 2011). The wall width increases with

temperature and shows a typical Landau anomaly at the phase tran-
sition temperature at 813 K (Chrosch and Salje, 1999; and Hayward
et al., 2005). The lateral wall movement (Harrison and Salje, 2010;
2011; Puchberger et al., 2017; and Kustov et al., 2018) proceeds by
pinning/depinning movements or the formation of local tweed
structures (Salje et al., 2016). The domain walls are polar (Yokota
et al., 2018), although the polarity is weaker than in most other
known ferroelastic materials (Yokota et al., 2020a; 2020b; 2019;
2014). A typical scenario for the wall movement is shown in Fig. 1.
Here, a domain delaminates from the top surface and forms a bent
interface between the two adjacent ferroelastic domains. The
bending sequence is typical for the elastic response of the system
and is characterized by the Larkin length (i.e., the length of the
wiggle) of the interface. Local pinning equally bends the interface.
The shapes of interfaces pinned by defects, surface pinning, or
junction pinning for elastically anisotropic ferroelastics were
derived in continuums theory by Salje and Ishibashi (1996) and
compared with experimental observations by Salje et al. (1998).

The movement of the walls under slowly increasing stress
leads to a combination of smooth movements (wall sliding without
pinning) and jerky events when walls first pin and then suddenly
de-pin after a local threshold stress is overcome. The wall sliding is
well described by the time dependent Landau–Ginzburg theory in
the viscous limit (Salje, 2012). The statistical analysis of jerk events
yields a power law distribution (Harrison and Salje, 2010). The
energy exponent is close to ϵ = 1.6 in close agreement with predic-
tions of the mean field theory (Salje and Dahmen, 2014). The
smooth sliding can carry emerging properties such as electric
dipole moments through the sample and is hence at the core of
memory elements where polar walls carry information in close
analogy to the magnetic racetrack memory technology (Parkin
et al., 2008) as described below. The reading of the energy proceeds
either electrostatically via the deviation of electric currents in a thin

FIG. 1. Optical image of a ferroelastic twin wall in LaAlO3

attached to the upper sample surface (left). Reproduced
from Harrison and Salje, Appl. Phys. Lett. 99, 151915
(2011). Copyright 2011 AIP Publishing LLC. One domain
appears lighter and the other domain appears darker. The
domain boundary in (a) is the sample surface seen under
an oblique angle. The lighter domain is then pulled down
by an elastic force. An upper domain wall nucleates [(b)
and (c)] and detaches under increasing external strain (d).
The newly created twin wall is bent first and then straight-
ens after a long relaxation time. Each spontaneous
change of the line profile is “jerky” and gives rise to
acoustic emission by the sample.
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layer of SrTiO3 that is deposited on top of the LaAlO3 sample
(Frenkel et al., 2017) or magnetically as demonstrated by
Fontcuberta et al. (2015). These authors showed that dramatic
changes of the magnetic domain structure of a neighboring mag-
netic layer (La0.5Sr0.5MnO3), which is epitaxially clamped on a fer-
roelastic substrate, reproduces very well the domain configuration
of the ferroelastic domain.

A novel magnetic coupling between domain wall motion and
displacement vortices was reported by Lu et al. (2020) where
moving ferroelastic needle domains or comb domains generate
polarization vortices. These vortices generate displacement currents
because the moving atoms are charged. This is the origin of mag-
netic moments perpendicular to the plane of the vortex. The calcu-
lated changes of the domain patterns generate strong mechanical
forces if the needle movements are sufficiently fast and generate
large displacement currents. The magnetic moment can reach
several tens of the Bohr magnetons, which is an estimate for a thin
film of ∼100 lattice planes and movements of the vortex at the
speed of sound. The predicted magnetic fields found in thin slab
are much larger than those observed experimentally in SrTiO3/
LaAlO3 heterostructures (Christensen et al., 2019), which may be
due to weaker forcing by slow changes of the domain patterns
under their experimental conditions. These results show that
dynamic ferroelastic domain patterns can be observed by other
experimentally accessible parameters besides the ferroelastic strain
as described in detail by Catalan et al. (2012). They appear in polar
electric measurements, optical experiments like in the second har-
monic generation (SHG), magnetically in magnetic cover layers, or,
perhaps most importantly and previously unknown, magnetically
by vortex formation and the induced circular displacement current
near the domain walls, even when there is no magnetic element
present in the material or the wall.

Jerky movement may partially destroy the smooth wall move-
ments and add noise to the memory readout (Salje et al., 2019).
The noise signal is, within cutoffs, scale invariant and will extend
to rare but extremely strong events. Furthermore, the time intervals
between jerks, the so-called “waiting times,” are also power law dis-
tributed with exponents near unity for high frequencies. This
implies that to filter jerks electronically is very challenging at high
(THz) frequencies. Jerks due to pinning by extrinsic defects can be
partially avoided in extremely pure materials. Avoiding intrinsic
topological defects requires that no junctions occur between twin
walls, which can be achieved for parallel wall configurations in
narrow thin films, nano-pillars, or nano-wires (Yang et al., 2016).

III. WALLS IN WALLS: FAST KINK MOVEMENTS

Some avalanches are intrinsic to twin walls and cannot be
avoided. The most prominent examples are captured by the
concept of “walls in walls and domains in domains” (Salje et al.,
2013 and Scott et al., 2012). In such a scenario, a twin wall nucle-
ates kinks inside the twin wall. Such kinks are extremely common
when samples are bent (Emelyanov et al., 2001 and Pertsev et al.,
2000) and also nucleate under external forcing during the sliding
motion of the walls. Note that the same movement occurs in poly-
typic materials where different polytypic stackings transform
among each other by nucleation of kinks (Salje et al., 1987). The
jerk amplitudes of kink motions are much smaller than during
pinning–depinning events and are often overlooked when mea-
sured in acoustic emission experiments. A typical computer simu-
lated example is shown in Fig. 2 (Salje et al., 2017).

Moving kinks emit shear waves (Fig. 3) showing typical ultra-
sonic cones at high speeds. In contrast to studies of dislocations
(Gumbsch and Gao, 1999 and Jin et al., 2006), speeds well above

FIG. 2. A kink nucleates inside a twin wall when external shear stress is applied (a) and emits a strain wave in the typical Eshelby pattern (b). Reproduced from Salje
et al., Adv. Funct. Mater. 27, 1700367 (2017). Copyright 2017 Wiley. The color bar in (a) indicates the vertical shear angle (i.e., the ferroelasic shear) between 4.5° and
−4.5°. The color bar shows the horizontal shear angle (secondary shear).
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the upper sonic velocity are attainable without suppression by gap
phenomena. The kinks equally carry electric and magnetic finger-
prints (Lu et al., 2019a; 2019b) and are potentially information car-
riers in their own right. Reversing the direction of forcing leads to
de-acceleration and reversal of the propagation direction.
Equivalent oscillatory movements are observed in resonant ultra-
sonic spectroscopy (RUS) experiments (Carpenter, 2015).

Non-linear strain interactions lead to dynamic singularities.
The most common event appears to be the mother–daughter
nucleation where moving kinks spontaneously split into kinks and
anti-kinks traveling in opposite directions (Salje et al., 2017). The
movement of a first generation kink with speed v splits into two
movements with kink speed δv for the daughter kink and v−δv for
the mother kink. The mother kink slows by the speed δv of the
daughter event and conserves momentum. The statistical signifi-
cance of these mother–daughter events is still unknown.

IV. FERROELECTRIC AVALANCHES DURING
SWITCHING

The first full avalanche analysis of scale invariant switching in
BaTiO3 was undertaken by Salje et al. (2019).

During several switching cycles (Figs. 4 and 5), the sample
emits acoustic noise, which is measured using commercial piezo-
electric sensors (Vallen Ltd).

The maximum acoustic activity appears near the coercive field
with lower activities spread over the entire hysteresis loop. Analysis
of the AE spectra (Salje et al., 2019) shows the characteristic power
law distribution of the jerk energies and all dependent quantities.

The validity of the power law extends over ∼6 orders of mag-
nitude and is limited by the dynamic range of the detection system
and not by the physical mechanism of the switching process. The
probability functions with such high resolution are extremely hard
to measure, and these data are exceptional, so far, for switching of
ferroelectric materials. The quality of the dataset made it possible
to test all statistical correlations, which are experimentally accessible
(Salje et al., 2019). The energy exponent over the hysteresis is 1.66
(Fig. 6) while a criticality with ϵ = 1.33 appears at the coercive field
(equivalent to the critical point in phase transitions) (Salje and
Dahmen, 2014 and Casals et al., unpublished). This is in close
agreement with the predictions of the mean field theory (Friedman
et al., 2012). Other parameters ( jerk energies, amplitudes, waiting
times, avalanche durations, etc.) equally confirm the mean field
character of the switching process. The direct observation of the
domain movements by optical microscopy became possible in 2019

FIG. 3. Further shear accelerates the kink moving at speeds in excess of the speed of sound after Salje et al., Adv. Funct. Mater. 27, 1700367 (2017). Copyright 2017
Wiley. The colors indicate the horizontal shear deformation, which evolves from a nearly uniform distribution for the static kink to dynamic strain waves carried by phonons
and emitted by the moving kink.

FIG. 4. Experimental arrangement for measuring acoustic
emission (AE) during ferroelectric switching. The sample
is a thin slab with ∼3 mm thickness and 10 mm2 surface
area. The side surfaces of the sample are conducting.
The switching field is applied to the conducting surfaces,
and the rate is extremely low to allow the sample to relax
during the switching process. The AE signal is measured
by one or several piezoelectric strain wave detectors, pre-
amplified and analyzed using calibrated circuits. This
allows the determination of the absolute energy of the
acoustic signals in attojoules (10−18 J). After Salje et al.,
Phys. Rev. Mater. 3, 014415 (2019). Copyright 2019
American Physical Society.
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(Casals et al., 2019) and confirmed the statistical analysis (Casals
et al., 2020).

More recently, the change of the fractal dimension of the
domain patterns was measured (Xu et al., 2020) and a clear anti-
correlation between the fractal Hausdorff dimension and the
energy/amplitude exponents were found. The approach to critical-
ity near the coercive field, thus, reduces the energy exponents and
increases the fractal dimension. This shows that domain move-
ments do not keep the pattern invariant by simply changing the
position of length scale of the domain pattern, but topologically
change the pattern with nucleation of switched island, domain den-
drites, etc., which act as transient states during switching.

V. SOME POSSIBLE DEVICE DESIGN PATHWAYS

Ferroelastic domain walls can themselves either be the active
element in a device or can couple with other ferroic materials, e.g.,
in thin cover layers. The former includes ferroelectric switching for
memory devices, which we shortly review as a typical example. The
direct switching of polar vectors in a twin wall is not yet experi-
mentally proven, although it was found in computer simulations of
cryogenic SrTiO3 (Zykova-Timan and Salje, 2014), while other
findings seem to indicate a very limited scope for switching
(Schiaffino and Stengel, 2018). Switching is even more likely in
junctions between twin walls. These areas of domain wall crossings
can develop much stronger dipolar moments, and these dipoles
contain biquadratic coupling with the polarization. This coupling,
in contrast to gradient coupling, allows polarization reversal under
external fields. First experimental evidence was found at room
temperature in LaAlO3 with a tweed nano-structure and a high
junction density. These ferroelastic crystals show strong piezoelec-
tric and polar responses and appear to indicate, at least, partial
switching (Yokota et al., 2018; 2020; Kustov et al., 2018; and

Salje et al., 2016). An alternative pathway follows the secondary
magnetic properties of ferroelastic needle domains. Ferroelastic
vortex structures near moving needles contain displacement cur-
rents that generate magnetic dipoles on either side of the domain
(Lu et al., 2020). This allows designing a device where the needle
domain position is driven elastically or electrically. The readout is
then magnetic at sites where the dynamic needle tip is located.
Each memory element could then contain either one needle or a
needle comb where the length of the needle is modified by external
fields. The magnetic sensor would then be a magnetic quantum dot
near the needle or a magnetic AFM tip. This configuration is then
close to the idea of Parkin et al. (2008).

The second technique is to cover the ferroelastic film either by
a high current layer of SrTiO3/ LaAlO3 as shown by Frenkel et al.
(2017). In this case, electronic properties, such as conductivity and
superconductivity, can be tuned by the ferroelastic domain walls

FIG. 5. Acoustic emission (AE) spectra of BaTiO3 at room temperature. The
blue line indicates the extremely slow time evolution of the applied electric
voltage between −1000 V and +1000 V, the red peaks are the AE signals
(∼jerks) due to switching domains in units of attojoules. After Salje et al., Phys.
Rev. Mater. 3, 014415 (2019). Copyright 2019 American Physical Society.

FIG. 6. Power law distribution of the jerk energies of the acoustic emission in
BaTiO3. The upper curves shows the probability distribution P(E) in log–log rep-
resentation with an power law exponent ϵ = 1.65. A very robust analysis using
the maximum-likelihood method (Baró and Vives, 2012 and Salje et al., 2019)
shows the same exponent as a plateau of the ML curve. After Salje et al., Phys.
Rev. Mater. 3, 014415 (2019). Copyright 2019 American Physical Society.
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and then used to create and control circuit elements and gate-
defined devices. They showed that naturally occurring twin
boundaries determine the LaAlO3/SrTiO3 interface 2DEG at the
nanoscale. Polar SrTiO3 domain boundaries remain highly mobile
down to very low temperatures. When localized pressure is applied
to an individual SrTiO3 twin boundary, it leads to a change in
LaAlO3/SrTiO3 interface current distribution. The existence of
polarity at the twin boundaries make the ferroelastic twin boundar-
ies serve as effective tunable gates.

VI. CONCLUSION

Mobile ferroelastic walls carry their emerging processes with
them during their movements. A key ingredient for applications in
domain boundary engineering is hence to develop concepts to
capture the exact nature of the movements. With increasing knowl-
edge of the finer details of these motions, the great complexity of
domain wall dynamics became clearer. The careful distinction
between smooth and non-smooth (mild and wild) behavior has led
to the discovery of domain wall motion by avalanches. These ava-
lanches change the fractal dimension of the domain patterns and
transfer much of the energy during the switching process. They
follow, as far as we know today, mainly mean field behavior, while
their analysis is still at a very early stage of development.
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