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ABSTRACT  

Surfaces play a key role during ferroelastic switching and define the interactions of 

materials with ionic species and biological systems. Here, we perform molecular 

dynamics simulations and identify ridges and valleys with rounded singularities 

around the intersections between twin walls and surfaces. Two dominant length 

scales stem from the elastic bending of the surface layer (> 30 lattice units) and local 

atomic reshuffles (some 5 lattice units). For static twin walls, which do not shift 

laterally under external stress, the intrinsic change of the Young’s modulus involves 

softening near valleys and hardening near ridges. The boundary-induced changes of 

the surface Young’s modulus are in the order of 0.7%. 

 

Keywords:  

Elastic softening; Ferroelastic materials; Wall-surface intersections; Surface relaxations 
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INTRODUCTION 

Twin boundaries (TBs, also named twin walls or domain walls) are only a few nanometers thick 

and form large sheets embedded in the bulk material. Their studies in ferroelastic materials have 

greatly expanded over the last years since it is understood that they can be used as templates for a 

large group of multiferroic device.1-3 The rational is that twin walls have intrinsically different 

properties compared to the bulk material. Wall related properties range from altered electronic 

properties,4-6 localized superconductivity,6 and chemical changes,7,8 to local magnetism and 

magnetoelectric coupling in multiferroics.9,10 The properties of twin walls are particularly sensitive 

to external perturbations, such as light illumination, electric and magnetic fields.11-13 Their potential 

for the use as high density memory storage includes either direct local switching14 or collective 

switching of ferroelastic Bloch-lines.15 

Since twin walls are topologically protected, they cannot simply terminate in the bulk material. 

Instead, they either combine with another twin wall to form a needle domain,16 bend to combine 

with the other end of the wall and form a bubble domain, or propagate until they encounter the 

sample surface. Surfaces pin twin walls and greatly influence their sideways movement.17-23 At the 

surface, Landau-Ginzburg-based models predict that twin walls exhibit a double-peak elastic strain 

and wedge-shaped topography,24  as confirmed by numerical simulations.25,26  The resulting elastic 

fields decrease locally the electronic band gap and lead to an enhanced electric conductivity.27 They 

also induce polarity in otherwise non-polar bulk materials.28 

While the surface deformation is rather well understood there is yet no fundamental 

understanding of the elastic properties of these surface structures near the intersection lines. This 

is mostly because it is experimentally challenging to isolate the mechanical response of an 

individual wall with nanometric thickness, without getting a response dominated by the 

surrounding domains. Interestingly, the rare mechanical measurements performed on non-

ferroelastic 180° domain walls reveal an unexpected behaviour, with a domain wall softening.29-31 

In ferroelastics, the elastic response is determined by two different processes: either the penetrating 

twin walls move, or they do not move. Moving twin walls always soften materials and are part of 

the ferroelastic character of the material.32-34 However, static twin walls are a ‘true’ intrinsic surface 

property. Their investigation has largely eluded theoretical and experimental studies. In a recent 
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work, Nguyen et al.35 investigated the nanomechanical properties of 90° walls of PbTiO3, i.e. twin 

walls, by using atomic force microscopy methods. They found considerable changes of the elastic 

moduli at the intersection lines extending up to ~100 nm into the domain areas.  

Here, we focus on purely ferroelastic materials, where nonlinear elastic interactions dominate 

the intersections between twin walls and surfaces on several characteristic length scales.28,32 We 

perform molecular dynamics (MD) simulations of a ferroelastic surface where twin walls produce 

ridges and valleys. We then compute the strain profile, elastic modulus, and elastic compliance of 

twin walls near the surfaces. 

 

METHODS 

Our molecular dynamic simulations are based on a sandwich model with nonlinear elastic 

interactions. The interaction potentials are described in refs. 36,37 with first-NN harmonic 

interaction U1st-NN = 2(r−1)2, 0.8  r 1.2, second-NN Landau spring interaction U2nd-NN = −(r−√2)2 

+ 200 (r−√2)4, 1.207  r < 1.621, and third-NN fourth-order interaction U3rd-NN = −0.1(r−2)4, 

1.8  r < 2.2, where r is the interatomic distance vector. The ferroelastic shear is 4°,38,39 the lattice 

parameters a0 and b0 are set to 1 lattice unit for the initial model at 0 K, and atomic mass is 1 amu. 

The complete sample cell is 600a0 × 302b0 (Fig. 1). Twin boundaries along [100] at Y = 0 and 

Y=101 are denoted TB1 and TB2. Direct interactions between TB1 and TB2 are avoided by large 

interwall distances. The twin angles have opposite signs in TB1 and TB2. Each TB intersects the 

surface at a ridge or a valley. In Fig.1, TB1 shows a valley configuration (TB1-Valley) and TB2 

shows a ridge (TB2-Ridge) at the left surface. In contrast, TB1 shows a ridge (TB1-Ridge) and 

TB2 shows a valley (TB2-Valley) at the right surface. Open boundary conditions are applied in 

both x and y directions. The sample was relaxed at a very low temperature (10-7 TC) to avoid thermal 

noise. TC (~12.5 K) is the ferroelastic phase transition of this model. The relaxation generates 

surface strain at the valley and ridge intersection sites. Once the sample is relaxed to a residual 

strain ~310-7, we applied the spring forces at the left and right surfaces with a spring constant of 

~10 N/m to compress the sample. The magnitude of the force induced displacements is sufficiently 

low to ensure that the level of compression remains within the elastic range. We increased the 

compressive force over 1.5 × 107 time-steps with a residual random strain ~710-7 in the bulk (i.e., 
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the ‘noise’ of the simulation). The simulations were performed using the LAMMPS code.40 

Canonical (NVT) ensemble was used and the temperature of the sample was held by a Nosé-Hoover 

thermostat.41 Atomic images were visualized by the OVITO code.42 

 

FIG. 1. The ferroelastic model has two horizontal twin boundaries (TB1 and TB2). The frames mark the 

ridge and valley intersections at the surfaces for both TB1 and TB2. 

 

RESULTS AND DISCUSSION 

Figure 2 shows the distribution of the strain components near the intersections. The strains ɛxx, 

ɛyy and ɛxy are defined with respect to the bulk:  

ɛxx(Nx, Y) = (a(Nx, Y) - abulk) / abulk ,                                           (1) 

ɛyy(X, Ny) = (b(X, Ny) - bbulk) / bbulk ,                                           (2) 

ɛxy(Nx, Ny) = (|
∆

b
|(Nx, Ny) - |

∆

b
|bulk) / |

∆

b
|bulk ,                                  (3) 

where Nx is the layer number in x direction, Ny is the layer number in y direction, a and b are the 

averaged bulk lattice repetition units in x and y direction,  is the shear deformation in a lattice 

cell along the x direction, and |
∆

b
|(Nx,Ny) is the shear strain.  

The atomic configurations are color-coded by ɛxx, ɛyy, and ɛxy in Fig. 2(a)-(c). The corresponding 

strain profiles are shown in Fig. 2(d)-(f). Surface layers show surface relaxations with compression 

in x. Weak tensile strain (red regions in Fig. 2(a)) develops near the twin wall, mainly due to the 

inclination of the surface of the twin configurations with respect to the tensile force. The expansion 

or compression of surface relaxations depends on the ratio between the first- and second-neighbour 

interactions.43 In our model, the second-neighbour attraction overcomes the first-neighbour 

repulsion with ɛxx<0 at the surface layers. ɛxy changes sign in the twin wall. The averaged shear 
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angle in the bulk is θave =3.9922°, which is slightly smaller than 4° of the single domains. ɛxy near 

the ridge is larger than in the bulk with higher shear angles than θave and very close to 4° (Fig. 2(f)). 

In contrast, ɛxy is smaller near the valley with shear angles below θave. The strain profiles agree well 

with linear elasticity models which predicted a double-peak elastic strain and wedge-shaped 

topography in the surface.26 

 

FIG. 2. Strain profiles of intersections between twin boundaries and the surfaces forming valleys (TB1-

Valley) and ridges (TB2-Ridge). (a)-(c) are the atomic images color-coded according to the strain 

components of ɛxx, ɛyy and ɛxy, respectively. (d)-(f) presents the strain profiles from the 1st layer to the 15th 

layer near the surface. 

 

Opposing spring forces are applied to both surfaces. The force induced elastic displacements are 

less than 110-4 lattice units at 1 lattice unit to maintain the deformation within the elastic range. 
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Force (F) induced deformation yields surface shifts within a range from 0.0008 lattice units (F = 

7.68 × 10-4 nN) to 0.03 lattice units (F = 2.88 × 10-2 nN) are calculated. With F = 7.68 × 10-4 nN, 

as an example, the force induced atomic images and surface layer shifts x are shown in Fig. 3. 

The blue arrows in Fig. 3(a) show the displacement vectors of surface atoms from their original 

positions (without external force) to the new force induced equilibrium positions. The atoms near 

the core of the ridge (Y=101) shift less while the shift increased with the atom distance away from 

Y=101. The atoms at the core of the valley (Y=0) show the largest shift. x exponentially decays 

from the core intersection to interlayers along the y direction and saturates after 40-50 layers (Fig. 

3(b)). Force induced shear angle difference , relative to the initial state after relaxation, is shown 

in Fig. 3(c).  exponentially decays from ridge and valley sites and extends over 25-30 lattice 

units. 

 

FIG. 3. Force-induced (a) surface layer atomic topology, (b) shift of the surface layers along [100] at the 

left surface and along [1̅00] at the right surface, and (c) shear angle difference relative to the initial state 

after relaxation. The dotted red areas in (a) are enlarged with colours coded by the magnitude of the shifts 

x (in lattice units). Arrow vectors are amplified by a factor of 6000 for clarity. The shift profiles in (b) 

decay exponentially with increasing distance from the TB in vertical y direction.  

 

The Young’s modulus is E[100] = Fa(1,Y)/(Se[100]), with force F = 5.76 × 10-4 nN , surface S of 

the (100) plane, interatomic distances a(1,Y) near the surface and lattice strain e[100]. The elastic 

compliance is S11 = 1/E[100] in this pseudo cubic setting. Figure 4 shows the Young’s modulus and 

the compliance profiles of the surface layer. The Young’s modulus at the intersection centre is 
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E[100]
valley = 100.04 GPa and E[100]

ridge = 101.44 GPa. They deviate by ca. 0.7% from the undisturbed 

surface E[100]
bulk = 100.73 GPa. This result confirms softening of valleys and hardening of ridges.  

 

FIG. 4. The profiles of (a) elastic modulus and (b) elastic compliance of the surface layer. Softening of 

moduli at the valley and hardening at the ridge are observed. 

 

The surface strain has a significant fine structure near the twin wall. While simple twin domains 

would lead to a sharp break where the surfaces are inclined with opposite tilt angles, this singularity 

is smoothed by relaxations.26,44,45 The long length scale describes an exponential decay which 

extends in our model simulations over some 30 lattice units on both sides of the twin wall 

(Fig. 3(b)). The second relaxation is limited to the thickness of the twin wall which extends over 5 

lattice units (Fig. 2), and hosts potentially novel structural states with interesting physical 

properties [1–3]. The strains are < 210-4 in exx and eyy and extend to the full spontaneous strain in 

exy. Experimentally, the twin walls are often wider and can be as large as 20 nm46,47 so that our 

estimation may be smaller than that in real ferroelastic materials.  

The results in Fig. 4 show that the moduli are indeed constant inside each twin domain but 

deviate near the intersection sites. Our main result is that ridges and valleys show opposite 

tendencies: ridges harden, and valleys soften. The moduli decay from the middle of the intersection 

approximately exponentially over some 30 lattice units. In perovskite structures with ca. 0.5 nm 

lattice repetition lengths, this elastic decay would extend over some 15 nm on each side of the wall. 

The hard or soft region is then some 30 nm wide. The apparent half width of the softening at the 
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wall measured in lead zirconate titanate by Tsuji et al. 29 extended on 20–30 nm, but was probably 

widened due to the diameter of the tip. Stefani et al. 31 studied the mechanical softness of 

ferroelectric domain walls in LiNbO3 and BaTiO3 by atomic force microscopy and found softened 

regions of ~60 nm. 

The simulated change of the Young’s modulus is around 0.7%. Elastic modulus orthogonal to 

the averaged surface can be measured by atomic force microscopy or by indentation tests. 

However, in most experiments, the external force moves the intersection laterally away from the 

singularity and one observes an apparent softening even when the intrinsic response is hardening 

(as commonly observed in bulk ferroelastics with moving twin walls32-34). The elastic modulus 

softening measured in lead zirconate titanate29 was significantly higher than in our simulations with 

more than 12% reduction. Recently, domain wall softening of BaTiO3 at short-circuit boundary 

conditions with/without shear piezoelectricity was studied by Stefani et al. 31. They observed 

domain wall softening reduced from 6% to 0.3% after removal of the shear piezoelectricity effect. 

This illustrates that depolarization-activated electromechanical coupling effects would produce an 

additional softening. Temperature is expected to change the magnitude of the modulus anomaly, 

further work to explore the temperature dependence is in progress.  

In ref. 35, they confirmed the predicted long length scale of 100 nm while the investigation of 

the short length scale was beyond the possibilities of their atomic force microscopy-based 

measurements. The ridge twin wall was found to have the lowest elastic modulus while the valley 

wall had the highest value, contrary to our simulations. This may be induced by several factors in 

the experiment: the twin walls are not vertical but are tilted by 45° to the surface, the twin walls 

likely host defects that could change the mechanical properties,48,49 there might be a contribution 

from the topography. Furthermore, in our geometrical configurations we have chosen to have the 

same modulus in both adjacent domains.  

Another possible source of different results stems from the most fundamental property of the 

intersection lines because they can bend and, most importantly, move laterally during the 

experiment. To avoid this effect materials should be analysed where the twin walls are very firmly 

pinned. A typical case is CaTiO3 while PbTiO3 shows particularly mobile walls. The ‘true’ intrinsic 

elastic response of these materials may be rather different depending on the local mobility of the 

twin walls under stress.  
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CONCLUSIONS 

We performed molecular dynamic simulations of a ferroelastic surface where twin walls 

produce ridges and valleys. We find that the Young’s modulus involves softening near valleys and 

hardening near ridges with changes in the order of 0.7%. The moduli decay from the middle of the 

intersection approximately exponentially over some 30 lattice units, in agreement with 

experimental results in the literature. This proves that ferroelectric/ferroelastic twin walls at surface 

intersections are far from being simple superpositions of elastic properties of the surfaces and the 

wall relaxations.25,37,44,50 Our theoretical analysis of this mechanical fine structure will help future 

atomic force microscopy and indentation studies51,52 to compare their results with our predicted 

elastic anomalies. 

Our results point also to many potential applications. Regions with different Young’s moduli 

will locally affect phonon velocities and change thermal conductivity.53 As such the softening and 

hardening of twin walls could explain their influence on thermal conductivity54,55 and lead to 

devices with different thermal conductivities near the surface and in the bulk. When twin walls are 

fast ionic conductors,56,57 the surface intersections constitute the exchange regions between the wall 

diffusion and the external sources so that ionic injections are only possible if they are not blocked 

at the sites. This is a major issue in neuromorphic computation58 and specific surface configurations 

are often needed in such applications. For instance, it is known that variations in Young’s modulus 

influence the ionic conductivity of solid electrolytes.59 In a different field, biogenetic processes 

often proceed along surfaces and are known to be affected by the surface topology. In particular, 

the stiffness of the surface is a critical parameter: bacterial adhesion is found to depend on the 

material stiffness regardless of hydrogel chemistry or adhesion mechanism.60 In ferroelastic 

materials, not only the surface topology depends on the intersection lines but also the elastic 

response. The soft and hard region in valleys and ridges will presumably have very different 

attachment potentials and will structure the biological processes along ferroelastic domain 

patterns.60 
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