crystals

Article

The Influence of Strain-Induced Ferroelectricity on the Fracture
of Oxide Perovskites

Christian L. Ritterhoff

M) Check for updates
|

Academic Editor: Weigiang Lv

Received: 3 September 2026

Revised: 22 September 2026
Accepted: 23 September 2026
Published: 27 September 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Tapio Juntunen

and Bernd Meyer *

Interdisciplinary Center for Molecular Materials ICMM) and Computer Chemistry Center (CCC),
Friedrich-Alexander-Universitdt Erlangen-Niirnberg, Négelsbachstr. 25, 91052 Erlangen, Germany;
christian.ritterhoff@fau.de (C.L.R.); tapio.juntunen@fau.de (T.J.)

* Correspondence: bernd.meyer@fau.de

Abstract

Many materials can be cleaved to produce ideal atomically flat surfaces. However, for
many perovskite oxides it was observed that a well-defined concentration of adatoms
remains on one of the crack surfaces, mirrored by an equivalent amount of vacancies on
the other side, even though this violates the charge neutrality of the created surfaces. In
this work, we show for three prototypical oxide perovskites, SrTiO;, BaTiO3, and KTaO;,
that these materials develop a large dielectric polarization by ferroelectric displacements of
the atoms under the large strain at the crack tip. Upon fracture, the polarization creates
a surface charge on the emerging surfaces, which is maintained by the transfer of ions
between the crack surfaces and the formation of adatoms and vacancies. By quantifying
the strain-induced ferroelectric atomic displacements at the point of fracture using density-
functional theory calculations, we find a very good agreement between the surface charge
from the evolving polarization and the experimentally observed concentration of adatoms,
which are therefore a remnant of the cleaving process. When predicting results of fracture
experiments, this strain-induced ferroelectric transition developing during fracture has to
be taken into account even for oxide perovskites that are not intrinsically ferroelectric at
room temperature.

Keywords: fracture; ferroelectricity; perovskite oxides; charge compensation; density-
functional theory

1. Introduction

The material family of perovskite oxides, with the general formula ABO3, has garnered
substantial attention in recent years due to its versatility. The high tunability of their
physical and chemical properties makes them highly suitable for catalytic applications
like water splitting [1-4], as well as for electron-transporting and light-absorbing layers
in solar cells [5-7]. Most of these applications depend on the structure of their surfaces
and the terminating layers at interfaces. Even though the ternary perovskites allow for
many different surface terminations, most experimental and theoretical studies use a (1 x 1)
bulk-terminated surface. These surfaces are most commonly prepared using a combination
of etching and subsequent annealing in order to remove adsorbates [8-10]. However, wet
chemical preparation procedures can also lead to amorphous surface phases [11] as well as
unintentional doping [12].

Cleaving a bulk crystal under ultra-high vacuum (UHV) conditions offers another
way of realizing a pristine surface, ensuring adsorbate-free surfaces as long as the material
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has a natural cleavage plane [13]. While this is not generally the case for perovskite oxides,
Guisinger et al. [14] have shown that it is still possible when extra care is taken during the
fracture process. Multiple groups have since successfully generated as-cleaved surfaces
suitable for STM and AFM measurements [15-19]. When cleaving the cubic perovskite
oxide SrTiO;, Sokolovi¢ et al. [17-19] found a well-defined concentration of (14 4 2)%
Sr?* adatoms and Sr?* vacancies on mirroring positions on the (001) surfaces of the as-
cleaved crystal. They propose that the strain along the [001]-direction during the fracture
process sufficiently elongates the c-axis to allow for a ferroelectric phase transition. This
in turn would induce a dielectric polarization perpendicular to the surface, leading to a
surface charge on the as-cleaved surface, which is compensated by the formation of the
aforementioned adatom and vacancy point defects. Though plausible, this hypothesis
has not yet been tested quantitatively, and it remains unclear whether the strain-induced
polarization is large enough to account for the experimentally observed adatom and
vacancy concentration.

This paper investigates the strain-induced spontaneous dielectric polarization of
perovskite oxides during fracture computationally using first-principles density-functional
theory (DFT) calculations. To this end, we focus on three representatives of the class of
perovskite oxides: the cubic SrTiOj, the ferroelectric BaTiO; with a tetragonal structure at
room temperature, and the cubic polar KTaO; with charged (001) planes. We first derive
an estimate of the strain experienced by the crystal at the crack tip at the point of fracture.
Then, we investigate the structural changes in the crystal unit cell due to the strain and
determine the dielectric polarization using Berry-phase calculations. In the last step, we
determine the necessary charge compensation on the as-cleaved surface, which is then
compared to the experimentally observed concentration of adatoms and vacancies. We
show that this strain-induced polarization cannot be neglected when interpreting the results
of fracture experiments, even in perovskite oxides that are not intrinsically ferroelectric at
room temperature.

2. Methods

Atomic structures were relaxed using density-functional theory (DFT). The calculations
were carried out with the plane-wave code PWScf of the Quantum Espresso (QE) soft-
ware package version 7.0 [20], utilizing the PBEsol exchange-correlation functional [21,22]
and Vanderbilt ultrasoft pseudopotentials [23]. A plane-wave basis set with a kinetic
energy cutoff of 30 Ry and a corresponding charge-density cutoff of 120 Ry was used
throughout. Structures were considered relaxed once residual forces fell below 5 meV/A.
Monkhorst-Pack k-point grids with a density of (8,8,8) with respect to a primitive cubic
perovskite unit cell were chosen throughout the investigation. In the Berry-phase calcu-
lations of the induced polarization, the sampling along the direction of the polarization
was increased to 20 k-points to ensure rigorous numerical convergence. For calculations in
which the cell dimensions were relaxed in addition to the atomic positions, the QE default
pressure convergence threshold of 0.5 kbar was chosen. With this setup, we obtained bulk
lattice parameters of a = 3.893 A for cubic SrTiOs, a = 3.962 A, ¢ = 4.058 A for the tetragonal
phase of BaTiO,, and a = 3.981 A for cubic KTaO;.

3. Results and Discussion
3.1. Determination of the Maximum Strain

A material fractures once the force acting upon it exceeds a critical threshold. Es-
timating the critical maximum strain €.t experienced by a crystal during fracture is a
challenging problem. Its exact solution requires modeling the atomic details of multiple
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crack-tip geometries at different loading conditions, since cracks propagate by the breaking
of individual chemical bonds between atoms at the tip.

Following the standard classification of Irwin [24], we distinguish Mode I fracture,
driven by tensile stress normal to the crack plane, from Mode II fracture, driven by in-
plane shear stress. A first estimate for the critical maximum strain can be obtained by
using continuum theory. By solving the anisotropic linear elasticity equations, we derive
the displacements of the atoms at a crack tip for a given stress intensity factor [25-27].
The critical stress intensity factor, at which the material fails, we determine by Griffith’s
criterion, which states that a crack propagates when the release of elastic energy upon crack
advancement outweighs the energy required to create the two new surfaces [28].

As input for this approach, we only need the elastic constants and the cleavage energy
of the crystal for the considered crack orientation [25]. With our DFT setup, we obtain
for SrTiO; values of cq1 = 352 GPa, cjp = 105 GPa, and cy4 = 113 GPa for the three cubic
elastic constants and 27y o1y = 2.29 Jm~2 for the cleavage energy along the (001) lattice
plane. By using Equation (4.51) of [25] for crystals with cubic symmetry, these values result
in a Griffith critical stress intensity factor of K& = 0.84 MPa,/m for Mode I fracture on the
(001) cleavage plane with crack propagation along the [100]-direction and a [010] crack
front, which is in very good agreement with recent experimental results [29].

Figure 1 shows the atomic displacements at the crack tip for this crack orientation and the
critical stress intensity factor K& as calculated by anisotropic linear elasticity theory [25-27].
The bonds across the cleavage plane are inhomogeneously strained. The largest elongation is
observed for the last intact bond marked by a double arrow in Figure 1, and its elongation
Ad = 0.403 A relative to its equilibrium length d = a/2 = 1.947 A can be interpreted as the
critical maximum strain €yt = Ad/d = 20.6% in the crystal at the point of fracture.

Figure 1. Atomic displacements for a Mode I crack in SrTiOj; for cleavage along the (001) plane in
[100]-direction separating a SrO and a TiO, layer at the critical stress intensity factor KIG as calculated
by anisotropic linear elasticity theory. The center of the strain field is in the middle of the last intact
bond marked by the double arrow. Sr, Ti, and O are shown in green, gray, and red, respectively.

Another way of estimating the critical maximum strain at the point of fracture is by
calculating so-called traction—separation or stress—strain curves [30,31]. For Mode I fracture
in SrTiO; and a (001) cleavage plane, the stress—strain curve was determined by calculating
the energy of a tetragonal (1 x 1 x 5) supercell when incrementally increasing the distance
between a SrO and a TiO, layer along the [001]-direction without relaxation of the atoms.
Figure 2 shows the energy change in the supercell with respect to the distance between the
two layers given as fraction of the equilibrium distance of d = 1.947 A. As expected, the
energy converges for large layer separations towards the (unrelaxed) (001) cleavage energy
of the crystal [32,33]. The derivative of the energy-strain curve gives the stress needed for
separating the two layers. The maximum of the stress—strain curve in Figure 2 gives the
critical strain, for which we obtain € = 22.6%.
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Figure 2. Relative energy and its derivative from static DFT calculations of SrTiO; with increasing
separation of a SrO and a TiO, layer in the [001]-direction. The critical strain at 22.6% is marked by a
vertical dotted line.

This value agrees well with the result of 20.6% obtained by anisotropic linear elasticity
continuum theory, showing that despite the different underlying assumptions, both inde-
pendent approaches converge to a similar order of magnitude for the critical maximum
strain at fracture. Since stress—strain curves are much easier to calculate than to evaluate
the continuum equations, we use this approach in the following for estimating the critical
maximum strains for the other fracture modes and the other materials.

For Mode II fracture, instead of increasing the interlayer distance between two neigh-
boring atomic planes and thereby elongating the supercell along the [001]-direction, the
two planes are sheared horizontally either along the [100]- or the [110]-direction. This is
done by using the same (1 x 1 x 5) tetragonal supercell but now tilting the third supercell
vector by adding an x-component (for shear along [100]) or an equal x- and y-component
(for shear along [110]), which changes the cell from tetragonal to monoclinic. As before,
atoms are not relaxed and all other atomic planes remain in their ideal stacking of the cubic
lattice. However, in contrast to Mode I fracture, by shearing two neighboring atomic planes,
atoms will come very close to each other, leading to strong electrostatic and Pauli repulsion.
The energy of a repulsive sheared configuration can be even larger than the cleavage energy
of the crystal, representing two fully separated, non-interacting surfaces. To eliminate this
overestimation of the energy, we optimized the separation of the two sheared layers in the
[001]-direction. At each shear distance, several calculations for different layer separations
were performed and the equilibrium distance at the lowest energy was determined by a
polynomial fit to the energy curve.

We first consider the case of shear in the [100]-direction. The shear strain € = Aa/a is
defined as the ratio of the shear distance Aa in the [100]-direction and the SrTiO; lattice
constant 4. At a shear strain of € = 100%, the two atomic planes are sheared exactly by
one lattice constant and thus identical to the starting position. The energy—strain curve is
therefore periodic and has a sinusoidal shape with a maximum at a shear strain of 50%.
The calculated energy-strain curve is shown in Figure 3a. At the shear strain of 50% it
approaches the cleavage energy of two separated surfaces, indicating that at this shear
displacement the interaction between the atomic planes is purely repulsive. The derivative,
shown in Figure 3b, yields a maximum stress at the strain value of 17.0%, which we take as
the critical maximum strain for shear fracture of the material along the [100]-direction.

For the other Mode II shear direction, [110], we decided to define the strain also with
respect to the cubic lattice constant a as for the shear in [100]-direction, even though the
atomic layers are displaced along the diagonal of the square layer unit cell. Consequently,
the sinusoidal energy—strain curve repeats after v/2 - 100% and the maximum is at v/2/2 -
100%. This definition of the strain was chosen so that the same strain value represents the
same absolute shear distance, hence making comparison between the two shear directions
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easier. Figure 3 shows the calculated energy—strain curve as well as the derivative, yielding
a critical maximum strain of 18.1% at the point of fracture for the [110]-direction.
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Figure 3. (a) Relative energy from static DFT calculations of SrTiO; with increasing [100] and [110]
shear of a SrO and a TiO, layer while optimizing the layer separation in [001]-direction. (b) Stress as
derivative of the energy. The critical strain is marked by vertical dotted lines.

The calculations were repeated in the same way for BaTiO;, which yields a critical
maximum strain of 22.8% for Mode I fracture, and 15.1% and 15.0% for Mode II fracture in
the [100]-direction and [110]-direction, respectively. The corresponding energy—strain and
stress—strain curves are given in Figures S1 and S2 of the Supplementary Materials.

The estimation of the critical strain for Mode I fracture of KTaO;, however, needs more
consideration, since the (001) layers are not charge neutral. KO layers carry a single negative
charge, while the TaO, layers have the opposite formal charge of +1. Cleavage between
a KO and a TaO, plane would create Tasker-type III surfaces, which are electrostatically
unstable [34-36]. Consequently, Mode I fracture occurs in such a way that half of the
KO layer remains attached to the upper TaO, layer, while the other half remains attached
to the lower TaO, layer, as demonstrated by recent experiments [16]. In this way, the
otherwise emerging polar catastrophe is avoided and the polarity of the created crack
surfaces is quenched.

To capture this structure of the crack surfaces in the DFT calculations for the Mode I
stress—strain curves, we used a (\/Q X 44/2 % 5) supercell as shown in Figure 4, which
allows us to split the KO plane in half without creating polar step edges. Even though the
observed width of the KO stripes and trenches in experiments is somewhat larger than in
our setup [16], previous DFT calculations have shown that the cleavage energy does not
depend strongly on the choice of width [16] and therefore has only a small impact on the
calculated stress—strain curve. With this setup, we obtained critical strains for KTaO; of
24.1% for Mode I fracture as well as 20.4% and 22.1% for Mode II fracture in the [100]- and
[110]-directions, respectively. The calculated energy—strain and stress—strain curves are
shown in Figures S3 and S4, and the estimated critical maximum strains for all materials
and fracture modes are summarized in Table 1.

Table 1. Estimated critical maximum strain at the point of fracture e for different materials and
fracture modes as obtained by static DFT calculations of stress—strain curves.

Mode Direction SrTiOy BaTiO; KTaO;
I (001) 22.6% 22.8% 24.1%

I (100) 17.0% 15.1% 20.4%
(110) 18.1% 15.0% 22.1%
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Figure 4. Atomic structure of the upper and lower crack surface after fracture along (001) lattice
planes in KTaO5. Charge compensation is ensured by splitting the KO layer during cleavage. K, Ta,
and O are shown in purple, blue, and red, respectively.

3.2. Optimized Strained Geometries

At the point of fracture, a material is inhomogeneously strained at the crack tip, as
shown by the solution of the anisotropic linear elasticity equations in Figure 1. However,
the full atomistic treatment of the atomic relaxations at a crack tip is very demanding, in
particular with first-principles quantum-mechanical calculations, due to the long range of
the elastic interactions. Instead, we determine a possibly evolving dielectric polarization
during fracture by applying an incrementally increasing homogeneous strain until the
critical maximum value € is reached. This will give us an upper limit for the induced
polarization since only very few bonds at the crack tip are strained up to the critical value.

Tensile loading along the [001]-direction for Mode I fracture is easily applied by
enlarging the lattice constant in that direction, making a cubic unit cell tetragonal. The
imposed tensile strain induces an in-plane stress and a lateral contraction as quantified by
the Poisson ratio. This is taken into account by optimizing the in-plane lattice constant for
each applied tensile strain. The energy was calculated for several in-plane lattice constants
and the equilibrium value at the lowest energy was determined by a polynomial fit.

In a first set of calculations, all atoms were kept at their centrosymmetric positions,
prohibiting any rotations or shifts in the atoms against each other. The resulting energy
curve for SrTiO; is shown in red in Figure 5. In this case, of course, the evolution of a
spontaneous polarization is suppressed. The same calculation was repeated, but now
a symmetry-breaking perturbation was applied by slightly displacing the atoms along
the [001]-direction in the starting structure of the geometry optimization. This breaks
the horizontal mirror plane of the original centrosymmetric unit cell while keeping the
tetragonal symmetry with a 4-fold rotation axis along the [001]-direction. Anions and
cations can shift in opposite directions during the structure optimization, which introduces
a spontaneous polarization. As shown by the green graph in Figure 5, this lifting of the
horizontal mirror symmetry strongly reduces the energy, especially for higher strains. The
relaxed structures represent a ferroelectric state, because the reversal of the anion and
cation shifts results in an equivalent configuration with the same energy but an opposite
direction of the spontaneous polarization.

SrTiO; undergoes a nonpolar antiferrodistortive (AFD) phase transition from cubic
to tetragonal symmetry at 105 K, and it is close to a ferroelectric transition with polar
displacements of the anions and cations at zero temperature [37-39]. In fact, it has been
suggested that the ferroelectric transition is suppressed by the preceding AFD phase
transition and by quantum fluctuations in the atoms [40,41]. However, SrTiO; can be easily
made ferroelectric by applying a small strain [41-43].
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Figure 5. Relative energies per perovskite unit cell of SrTiO; with increasing tensile strain in the
[001]-direction. In the calculations for the four graphs, the atomic relaxations were restricted by
enforcing different symmetries, see text.

In the AFD structure, the oxygen octahedra around the central Ti ions within the (001)
layers are rotated about the [001]-axis in opposite directions in a checkerboard-like pattern
as sketched in Figure 6, while the rotation direction is reversed along the [001]-direction
between subsequent (001) layers [39]. The structure remains tetragonal with a 4-fold
rotation axis along [001] and is nonpolar with a horizontal mirror plane. To enable the AFD
rotation of the oxygen octahedra in the DFT calculations, a larger (V2 x V2 x 2) supercell
has to be used and the octahedra have to be pre-rotated in the starting structure of the
geometry optimization to break the cubic symmetry. The dark blue graph in Figure 5 shows
that the AFD rotations indeed slightly lower the energy compared to the centrosymmetric
configuration. In this calculation, the vertical ferroelectric displacement of the atoms in the
[001]-direction was suppressed by maintaining the horizontal mirror symmetry.

Figure 6. Antiferrodistortive relaxations in SrTiO;.

Finally, the cyan graph in Figure 5 encapsulates both atomic relaxations by allowing
both the ferroelectric displacement of the atoms along the [001]-direction and the AFD
rotation of the octahedra. At first glance, the energy, and thus the structure, seems iden-
tical to that obtained when including only the ferroelectric shifts. On closer inspection,
however, Figure 7a shows that the AFD rotations also lower the energy of the tetragonal
ferroelectric structure at lower strains. The octahedra rotate by 5-7° (see Figure 7b), but
above a strain of about 7% the rotations of the octahedra collapse and the AFD distortion
becomes energetically unfavorable. This collapse of the AFD rotations is consistent with
the mechanism of competing instabilities identified by Aschauer and Spaldin [39], who
showed that AFD distortions lower the energy of SrTiO; mainly by optimizing the Sr-O
coordination. However, the same bonding benefit also stabilizes the ferroelectric displace-
ments. Therefore, at low strain, close to a cubic unit cell, the AFD rotation is the more
efficient way to lower the energy, simultaneously suppressing the ferroelectric distortions.
However, as strain increases, the growing tetragonal distortion of the cell strengthens the
ferroelectric instability [39], which in turn diminishes the additional energy gain from
rotating the octahedra. Above a strain of about 7% it no longer outweighs the elastic cost
of the rotation and the AFD distortion vanishes. In contrast, in the centrosymmetric case,
when the ferroelectric shifts were suppressed by imposing a horizontal mirror symmetry,
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the AFD rotations lower the energy at all imposed strains and the rotation angle increases
up to 13°.

a
@ ., ®)
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30

Figure 7. (a) Enlarged cut-out of the energy curves in Figure 5 at low strain values. The differ-
ent colored graphs represent calculations that differ by the imposed symmetries during structure
optimization. (b) Rotation angle of the oxygen octahedra around Ti ions with increasing strain.

The tetragonal symmetry of the ferroelectric structures with or without AFD rotations
is broken from the moment a shear strain is applied. Therefore, all calculations for Mode II
fracture were done from the beginning with the larger (v/2 x v/2 x 2) supercell and the
geometry optimizations were initialized with pre-rotated octahedra and displaced atoms
along the [001]-direction. Furthermore, a combined relaxation of the atomic positions and
the cell dimensions in the plane perpendicular to the shear direction was performed until
the atomic forces and the corresponding components of the stress tensor vanished. The
calculated energy—strain curves for shear in both the [100]- and [110]-directions are shown
in Figure 8. As in Mode I fracture, the AFD distortions are predominantly present at lower
strains and vanish at higher strains (see Figure S7b in the Supplementary Materials).

3 —e— [100]
—e— [110]
=
82. A A
> el I
o /o ® e
o o/
o [ L
€1 [ J
w Sl I
/7 A
0- T T T T T T
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Figure 8. Relative energies per perovskite unit cell of SrTiO; with increasing shear strain in the [100]-
or [110]-direction.

The calculations for Mode I and Mode II fracture were repeated for the other two
investigated materials BaTiO; and KTaOj. For BaTiO;, which is already ferroelectric at zero
strain, the ferroelectric displacements lower the energy across all strains (Figures S5 and S8
in the Supplementary Materials). As for SrTiO;, the AFD rotations only play a role at low
strains, however, to a much smaller extent, and they are absent in the centrosymmetric
structures. KTaO; behaves somewhat differently from SrTiO; and BaTiO;. The AFD
distortions are absent at all strains. The ferroelectric distortions also lower the energy in the
strained structures, but to an even more pronounced extent than in the other two materials
(Figures S6 and S9).
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3.3. Polarization and Surface Charge

In the next step, the introduced spontaneous dielectric polarization was calculated
for all optimized structures under homogeneous strain. This was done using the Berry-
phase approach based on the so-called modern theory of polarization [44]. For an infinite
bulk crystal, the polarization is a multi-valued quantity and is only defined modulo a
polarization quantum [44]. Therefore, results must be corrected by adding or subtracting
this quantum so that the resulting polarization curve is smooth and continuous and starts
at zero polarization for zero strain (or, more precisely, at the known value of the bulk
polarization for ferroelectric BaTiOj).

Applying this procedure to Mode I fracture, i.e., to the optimized tensile-strained
configurations, yields the results shown in Figure 9a for the three investigated materials.
As expected for a cubic material, SrTiO; and KTaO; show no polarization at zero strain.
At the onset of the tensile strain, the structure with ferroelectric atomic displacements be-
comes lower in energy than the centrosymmetric configuration, introducing a spontaneous
polarization which increases continuously with strain. Interestingly, the point at which
SrTiO; switches from an antiferrodistortively perturbed geometry to a purely ferroelec-
trically displaced structure at a strain of about 7% is visible as a jump in the polarization.
This underlines that the AFD rotations at lower strains have suppressed the ferroelectric
displacements [37,39]. Also for BaTiO;, a known ferroelectric at room temperature, the po-
larization increases with increasing tensile strain. However, at strains beyond the collapse
of the AFD rotations, the polarization of SrTiO; exceeds that of BaTiO;. KTaO; shows the
lowest polarization at the maximum computed strain of 30%, as well as over the whole
range of investigated strains.

(d)

~ 00 —— 5rTi05-[100]
£ —e— BaTiO5-[100]
g-02 —e— KTa05-[100]
c
S -04
©
N el mosmosIol T e .
S 77| --e- BaTIOs[110] NG =
& _0.8{ --=- KTa0s-[110] =

15 20 25 30 0 10 20 30 40 50

Tensile strain in [001]-direction (in %) Shear strain (in %)

Figure 9. Dielectric spontaneous polarization as calculated by the Berry-phase approach for different
materials (a) at increasing tensile strain in [001]-direction and (b) at increasing shear strain in [100]-
and [110]-direction.

The calculated polarizations for the optimized sheared structures for Mode II fracture
are shown in Figure 9b. For SrTiOj;, in contrast to Mode I fracture, the polarization remains
close to zero at low strains and only starts to increase above a shear strain of 5%. A distinct
kink marking the disappearance of the AFD rotation is also visible here, occurring at a
shear strain of about 20%. Interestingly, the polarization of KTaO; remains zero for much
larger strains and only starts to increase at a shear strain of 15%.

These results demonstrate that, during fracture, the previously non-ferroelectric SrTiO;
and KTaO; develop a polarization normal to the (001) fracture plane in the [001]-direction, and
the polarization of ferroelectric BaTiO; increases significantly. At the point of fracture, when
new surfaces are created, this polarization P induces a surface charge o = P - fi, where 1i is the
normal vector to the surface. In Figure 10, the surface charge ¢ is plotted in units of electrons
per surface unit cell by multiplying the normal component of the calculated polarization in
Figure 9 by the surface area of a perovskite (001) surface unit cell. The graphs in Figures 9
and 10 look quite similar (except for the flip of sign), since the size of the surface unit cell
differs only marginally between the three materials. In addition, Figure 10 shows the critical
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maximum strains €; determined in Section 3.1 and summarized in Table 1 by vertical dotted
lines. Finally, the surface charges per unit cell at the point of fracture as given by the critical
strain are collected in Table 2 for all three materials.

(a) (b)

< 1.01 . iy — < 0.8 .

S —e— S5rTiO3 /,_. © —e— SITiO5-[100]

E 0.81 —— BaTiOs _._1-4’—" E 0.6 —e— BaTiOs-f1000 e
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Figure 10. Surface charge o per perovskite (001) surface unit cell calculated for different materials (a) at
increasing tensile strain in [001]-direction and (b) at increasing shear strain in [100]- and [110]-direction.
The vertical lines indicate the critical maximum strains at the point of fracture listed in Table 1. The
yellow horizontal line represents the surface charge observed for SrTiO; in experiments [17].

The overview in Table 2 makes the stark contrast between the two fracture modes
apparent. The induced polarization, and thus the surface charge per unit cell, is much
larger for Mode I than for Mode II fracture, even though the critical strains are not much
different (22-24% for Mode I and 15-22% for Mode II, see Table 1). In Mode I, the induced
polarization with increasing strain is very similar for the three materials (Figure 9) so
that the difference in the surface charge per unit cell during fracture is quite small with
values of about 0.8-0.9 e. In contrast, the differences between the materials are much more
pronounced for Mode II fracture. SrTiO; fractures while AFD rotations are still present,
resulting in a reduced polarization at the critical strain due to suppressed ferroelectric
displacements of the atoms. As a consequence, BaTiO; shows a surface charge per unit
cell during fracture that is about twice as large as for SrTiO;, due to both its intrinsic
polarization and the larger strain-induced polarization in the absence of AFD rotations.
KTaOj,, however, behaves differently again. It shows the largest difference between Mode I
and Mode II fracture, since ferroelectric distortions have become favorable at strains
just before the point of fracture and thus KTaO5 shows a surface charge per unit cell of
only 0.07 e.

Table 2. Surface charge ¢ (in units of electron charge e per perovskite (001) surface unit cell) created
by the induced dielectric polarization at the point of fracture for each material.

Mode Direction SrTiOy BaTiO; KTaO;
I [001] 091e 0.83¢ 0.79¢
I [100] 0.24¢ 0.44¢ 0.07¢
[110] 0.26¢ 045¢ 0.07¢

Finally, we compare our results to the observations in the cleaving experiments of
Sokolovi¢ et al. [17] for SrTiO;. A notched single crystal was mounted between two clamps
and was pre-strained by applying a tensile force. Then, a strong shear force was applied to
cleave the crystal [17-19]. On the cleaved surfaces they observed a well-defined concentration
of (14 42)% Sr?* adatoms on the TiO,-terminated side and the same amount of Sr** vacancies
on the opposite SrO surface, corresponding to a surface charge per unit cell of 0.28¢ [17].
This value was included as a horizontal yellow dashed line in Figure 10. The surface charge
calculated for Mode I fracture overestimates this value by a factor of 3, however, the charge
calculated for Mode II fracture matches it closely. This is in very good agreement with the
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experimental observation since a mixed Mode I/Mode II loading was applied in the cleavage
device, but the shear strain was the dominant force for cleavage [17-19].

In this comparison, it also has to be taken into account that our calculations, based on
applying a homogeneous strain, only provide an upper limit for the induced polarization,
since the strain decreases rapidly from the critical maximum value at the last intact bond
with increasing distance from the crack tip, as demonstrated by the linear elastic displace-
ment field displayed in Figure 1. Figure 10 shows that for Mode I fracture the surface
charge has largely saturated well below the estimated critical strain, whereas for Mode II it
still rises steeply in the strain range immediately preceding €i¢. Therefore, we can expect
that the overestimation of the induced surface charges is more sensitive for Mode II than
Mode I fracture. Furthermore, our calculations are for a perfect, defect-free single crystal.
Crystal defects, such as vacancies, dislocations, or grain boundaries, significantly weaken
the fracture toughness of a crystal and reduce the maximum critical strain and the induced
dielectric polarization.

For the other two materials, our calculations predict a much stronger effect for BaTiO,
and a higher concentration of adatoms/vacancies on the as-cleaved surfaces than for
SrTiO;. However, this result would only apply to ferroelectric domains with a ferroelectric
polarization perpendicular to the crack surfaces. On the other hand, for KTaOj;, the effect
is predicted to be much smaller. It also has to be taken into account that the calculated
surface charge of 0.07 e for Mode II fracture comes on top of the equal split of the KO layer
due to the polarity of KTaO; [16]. Instead of a 50:50 split of the KO layer, our calculations
predict a slightly asymmetric ratio of 43:57, however, this small deviation is well within the
uncertainty of the evaluation of the surface structures in the experiment [16].

4. Conclusions

The cubic perovskite oxides SrTiO; and KTaOj are prone to ferroelectric displacements
under strain. Both develop an increasing dielectric polarization when subjected to tensile
and shear loads as present in Mode I and Mode II fracture conditions. Also, the polarization
of the room-temperature ferroelectric BaTiO; shows a strong increase close to a crack tip.
On the other hand, antiferrodistortive rotations of the oxygen octahedra only play a role in
SrTiO; under shear and at low tensile strains, but are largely suppressed in BaTiO; and are
completely absent in KTaO;.

At the point of fracture, when newly exposed surfaces are created, this dielectric
polarization leads to a surface charge, which is maintained by the transfer of ions between
the crack surfaces. Such formation of adatoms and vacancies on opposite sides of as-cleaved
SrTiO; crystal surfaces was reported by Sokolovi¢ et al. [17-19]. Furthermore, the calculated
surface charge closely matches the experimentally observed adatom concentration. This
supports the hypothesis of Sokolovi¢ et al. [17] that the formation of adatoms and vacancies
on the as-cleaved surfaces is driven by a strain-induced polarization at the point of fracture.
Strain-induced ferroelectric displacements must therefore be accounted for when modeling
the fracture of any perovskite oxide.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst16100611/s1, Figures S1-S4: Energy—strain and stress—strain
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