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Dislocations and plasticity of KTaO3 perovskite modeled with an interatomic potential
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Potassium tantalate KTaO3 is a cubic, paraelectric perovskite ceramic that exhibits surprising ductility at
room temperature as most recently reported. Much like strontium titanate (SrTiO3), plastic deformation is
accommodated by dislocations gliding in {110} planes. In this work, we propose a new interatomic potential
for KTaO3, and apply it to model dislocations with 〈110〉 Burgers vector. We demonstrate that dislocations
dissociate, and finely characterize their core structure and Peierls potential. Dislocations of edge character can
carry a positive or negative electric charge, but we show that charge-neutral configurations are energetically
more favorable. We also perform high-resolution electron microscopy to validate our simulation methodology.
Comparing our results with other ductile perovskites, we confirm KTaO3 to be ductile, but stiffer than SrTiO3.
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I. INTRODUCTION

In the last decade, tantalate perovskites ATaO3 where A is
an alkali metal (A = Li,Na,K,Rb,Cs,Fr), have attracted a lot
of attention owing to their broad technological applications,
such as energy storage [1–3], photoluminescence and photo-
catalysis [4–6], spintronics [7–9], and wastewater treatment
[10]. While in semiconductors it is widely considered that
doping elements are vital and dislocations are fatal to func-
tional properties [11], in oxide ceramics defects engineering is
seriously considered as a way to enhance functional properties
[12–15]. For instance, KTaO3 nanoflowers offer an increased
surface-over-volume ratio and enhance photo-catalysis perfor-
mance [5,6].

However, studies of dislocations and their effects on func-
tional properties remain scarce. In strontium titanate SrTiO3,
plastic deformation was linked to the activation of {110}
slip planes [16,17], and dislocations were shown to enable
switching from insulating to conductive state, associated with
oxygen diffusion along dislocation lines [18,19]. In ferro-
electric potassium niobate KNbO3 single crystals, ductile
deformation leads to interactions between dislocations and
domain walls [20]. The third perovskite demonstrated to be
ductile is potassium tantalate KTaO3, by recent bulk compres-
sion tests, independently by Khayr et al. [21] and Fang et al.
[22]. Plastic deformation of bulk ceramics at room tempera-
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ture remains an intriguing phenomenon and raises questions
about elementary mechanisms underlying it.

Atomic-scale simulations can provide insight into the ele-
mentary mechanisms of plasticity. To that end, large atomic
systems are required, especially in perovskite materials where
dislocations have large dissociation distances [23]. Such large
systems are out of range of ab initio calculations, and less
computationally demanding methods must be used. Existing
interatomic potentials were successfully applied to dislocation
modeling in SrTiO3 [23–25], however, no reliable potential
exists for KTaO3.

In this work, we perform the first atomic-scale simulations
of dislocations in cubic KTaO3 perovskite. To that end, we fit a
new interatomic potential and validate it against ab initio data.
Then, we model dislocations of 〈110〉 Burgers vector, associ-
ated with plastic deformation in related perovskites [17,23].
Dislocations of screw character dissociate in their {110} glide
plane. Dislocations of edge character also dissociate, and are
shown to be preferentially charge neutral. High-resolution
electron microscopy observation of deformed KTaO3 samples
confirms the dissociation both qualitatively and quantitatively
and validates predictions made with our interatomic potential.
Comparison with SrTiO3 and KNbO3 sheds light on elemen-
tary mechanisms associated with room-temperature plasticity
in perovskite ceramics.

II. METHODS AND MODELS

A. Interatomic potential

Potassium tantalate (KTaO3 or KTO) crystallizes in the
cubic perovskite structure at all temperatures. Classical
molecular statics (MS) calculations are carried out with
LAMMPS [26]. Interactions between ions are described by
means of a rigid ion potential (RIP) that includes the Coulomb
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TABLE I. Parameters for the rigid-ion potential (RIP) used in
this study [Eq. (1)]. Ion charges are qK = 0.6e, qTa = 3e, and qO =
−1.2e. Parameters for K-O and O-O interactions are from Ref. [27],
those for Ta-O were fitted in this study. The cutoff radius is 15 Å.

Di j ai j r0 Ci j

(eV) (Å−2) (Å) (eV · Å12)

K-O 0.011612 2.062605 3.305308 5.0
Ta-O 0.008508 3.006309 2.719528 1.0
O-O 0.042395 1.379316 3.618701 22.0

interaction, a short-range Morse function, and a repulsive
term:

U (ri j ) = qiq j

ri j
+ Di j{[1 − exp(ai j (ri j − r0))]2 − 1} + Ci j

r12
i j

,

(1)

where qi and q j are the electric charges of ions, ri j the dis-
tance between them, and Di j , ai j , r0, and Ci j are adjustable
parameters. Coulomb interaction is evaluated by means of
the particle-particle particle-mesh (pppm) algorithm with a
relative accuracy of 10−6. Relaxation is performed by means
of the conjugate-gradients (CG) algorithm until total energy is
converged within 10−9 eV/atom.

We use the parameters proposed by Pedone et al. [27],
where the electric charge of an ion is an integer multiple
of the partial charge q = 0.6e where e is the elementary
charge, i.e., qK = 0.6e and qO = −1.2e. Parameters for O-O

interactions were fitted to reproduce the basic properties (lat-
tice parameter, elastic constants) of α-quartz (SiO2), while
parameters for K-O interactions were fitted to potassium sili-
cate K2Si2O5, as explained in the original article [27].

The original potential by Pedone does not contain pa-
rameters for Ta5+ ions. To maintain consistency with the
original potential, and to ensure charge neutrality of the
KTaO3 composition, we set the electric charge of Ta ions
to qTa = 5qK = 3e. The parameter Ci j in Eq. (1) affects only
the very short-ranged term (Ci j/r12), which takes importance
only in high-temperature molecular dynamics according to
the authors [27]. Hence we choose to equal it to 1, i.e., the
same value as for similar ions in the B site of a perovskite
structure (e.g., Ti or Si). In the end, only parameters Di j ,
ai j , and r0, in the Morse function remain to be fitted. Target
observables are the lattice constant a0, and elastic constants
C11, C12 and C44, and the fitting is performed using GULP
[28]. Cubic symmetry is enforced during the fitting procedure,
and a cutoff of 15 Å is used.

Potential parameters, including those obtained for Ta-O
after the fitting procedure, are reported in Table I. We then
plugged this potential into LAMMPS to relax the structure
and compute the resulting lattice parameter and elastic con-
stants. Results are presented in Table II, and compared to
experimental and density functional theory (DFT) data from
the literature. It can be seen that DFT calculations produce dif-
ferent values depending on the choice of exchange-correlation
functional, the HSE06 functional being the closest match to
experimental values [29]. Our rigid-ion potential reproduces
experimental values with good accuracy concerning both

TABLE II. Ambient-pressure properties of cubic KTaO3 computed with the modified rigid-ion potential (present study), and compared
with those computed with the shell-model potential (SMP) by Sepliarsky et al. [30], and with experimental and density functional theory
(DFT) data from literature. Lattice parameter a0 is given in Å, elastic constants Ci j in GPa, and (110) APB energy γAPB in J · m−2. Zener
anisotropy factor is computed as A = 2C44/(C11 − C12). Experimental values were obtained at ambient temperature. Numbers in parentheses
give the deviation with respect to experimental values.

SMP Modified RIP
Expt. DFT DFT (Sepliarsky [30]) (this study)

a0 3.95 [38] 3.99 (LDA [29]) 4.06 (PBE [39]) 3.99 (−) 4.00 (−0.2%)

3.99 [40] 4.06 (GGA [29]) 4.00 (PBESol [41])

3.99 (HSE06 [29]) 3.99 (PBESol [42])

C11 431 [38] 492 (LDA [29]) 451 (PBESol [41]) 429 (−0.5%) 429 (−0.5%)

420 (GGA [29]) 474 (PBESol [42])

470 (HSE06 [29])

C12 103 [38] 83 (LDA [29]) 81 (PBESol [41]) 105 (+1.9%) 104 (+1%)

77 (GGA [29]) 63 (PBESol [42])

87 (HSE06 [29])

C44 109 [38] 102 (LDA [29]) 102 (PBESol [41]) 105 (+3.7%) 104 (−4.6%)

100 (GGA [29]) 197 (PBESol [42])

112 (HSE06 [29])

A 0.665 [38] 0.50 (LDA [29]) 0.55 (PBESol [41]) 0.65 (−2.3%) 0.64 (−3.8%)

0.58 (GGA [29]) 0.96 (PBESol [42])

0.58 (HSE06 [29])

γAPB 0.28 (present study) 0.86 0.50
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lattice parameters, elastic constants, and Zener anisotropy,
confirming the robustness of the fitting procedure. We also
note that bulk physical properties produced by our RIP are
very similar to the ones obtained with the shell-model poten-
tial (SMP) by Sepliarsky [30].

B. Dislocation dipole setup

To model dislocations, a unit cell of cubic KTaO3 is du-
plicated to form a 80 × 80 × 1 supercell, of approximate
size 440 × 440 × 4 Å3, counting 63,600 ions. Crystal ori-
entation is X = [110], Y = [1̄10], Z = [001]. A dipole of
dislocations is introduced with their Burgers vector parallel
to X = [110]. Screw dislocations are introduced by applying
displacements according to elastic dislocation theory [31].
Edge dislocations are introduced by removing a half-plane
of atoms, as detailed below. Energy is minimized by means
of the conjugate-gradients algorithm, with respect to both ion
positions and cell geometry. In the following, relative energies
are expressed in meV per angström of the dislocation line,
to facilitate comparison between dislocations with different
periodicities.

Atomic systems are constructed with Atomsk [32]. Visu-
alization is performed with VESTA [33] and OVITO [34].
To visualize defects, the centro-symmetry criterion [35] is
computed using cations only (K and Ta) which form a bcc-like
structure, so its value is naught for ions in a perfect environ-
ment, and positive for ions in a defect (typically dislocations
in the present study). The criterion is not computed for oxygen
ions.

C. Computation of Peierls barriers

To evaluate Peierls energy barriers we use the nudged
elastic band (NEB) method [36]. The computation uses nine
to 16 replicas, and a spring force of 1 eV/Å is applied be-
tween replicas to keep them equidistant. The calculation is
considered converged when the maximum force on a replica
falls below 10−2 eV/Å. Then the climbing image method
[37] is applied so that a replica reaches the saddle point. The
activation energy is then computed as the difference in total
energy between the saddle point and the initial replica.

D. Charge density analysis

To estimate the distribution of electric charges around dis-
locations, we use an atomic-to-continuum approach detailed
in our previous work [25]. To summarize, ions (point charges)
are replaced by 2-D Gaussian functions in the plane normal
to the dislocation line. In the bulk Gaussian functions overlap
and compensate, while in defects the overlap is imperfect and
a net charge arises. Integrating the charge density in the re-
gion surrounding the defect gives an estimation of its electric
charge.

E. Experiments and high-resolution electron microscopy

Single-side polished, undoped KTiO3 (001) single crystals
(5 × 5 × 1 mm3) were sourced from Hefei Ruijing Optoelec-
tronics Technology Co., Ltd. (Anhui, China). These crystals
were produced using the flame-melting technique, yielding a

low initial dislocation density (about 1010 m−2). To introduce
dislocations at room temperature, scratching tests were per-
formed using an Rtec MFT2000 wear testing machine (UK)
equipped with a 3-mm-diameter Al2O3 (ruby) spherical in-
denter, similar to previous experiments [22].

For microstructure analysis of the dislocations, transmis-
sion electron microscope (TEM) lamella specimens were
prepared using a dual-beam focused ion beam (FIB) in a scan-
ning electron microscope (SEM, Helios Nanolab 600i, FEI,
Hillsboro, USA). The TEM samples, taken along the scratch-
ing direction, were lifted out from the center of the wear track
after five cycles of scratching, allowing for better visualiza-
tion of the dislocation structures from different observation
perspectives. Scanning TEM (STEM) images were captured
using a TEM instrument (double aberration-corrected FEI
Titan Themis G2) operating at 300 kV. In the high-angle
annual dark field scanning TEM (HAADF-STEM) images,
a probe semiconvergence angle of 17 mrad and inner and
outer semicollection angles ranging from 38 to 200 mrad were
employed.

III. GENERALIZED STACKING FAULTS

Before modeling dislocations, we computed the energy
density of generalized stacking faults (GSF) in a (1̄10) plane
of KTO. Crystal orientation is X = [110], Y = [1̄10], Z =
[001], and the system has a size of 1 × 6 × 1. The top half
of the system along Y is shifted rigidly along X of Z to
form a stacking fault. Ions are constrained to relax only
along the Y direction normal to the fault. Atomistic sim-
ulations are performed with the SMP by Sepliarsky [30],
and with the rigid-ion potential (RIP) that we modified
above. For comparison, we also carry out high-accuracy
first-principles calculations using the VASP code [43] which
enables DFT simulations using a plane-wave basis set, com-
bined with the projector augmented wave (PAW) method
[45]. Exchange-correlation energy is approximated with the
Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE-GGA) functional [44,46]. Consistent with the system
size, a plane wave cutoff energy of 500 eV and k-points
sampling 4 × 1 × 6 [47] are used.

Figure 1(a) shows the complete γ -surface computed with
the modified RIP. The main features are comparable to similar
calculations performed in SrTiO3 [48,49]: the lowest ener-
gies are found along [110], with a local minimum at 1

2 [110]
corresponding to the metastable antiphase boundary (APB).
The second lowest energy path is found along [001], but
corresponds to unstable states.

Figure 1(b) compares energies along [110] and [001]
computed with different methods. DFT predicts a single max-
imum γ = 4 J · m−2 along [001], and a double hump along
[110], with a metastable antiphase boundary (APB) with a
(constrained) energy about 0.71 J · m−2. Both interatomic
potentials over-estimate energies along [110], the SMP by a
factor of 1.4, and our modified Pedone potential by a factor of
2 approximately.

Having confirmed the existence of a metastable APB,
we removed the constraints on atoms and allowed them to
relax in all directions. The final, fully relaxed, APB en-
ergy drops drastically with all three methods: it becomes
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FIG. 1. (a) Unit cell of KTaO3 showing a {110} slip plane, and two partial Burgers vectors 1
2 〈110〉. Potassium ions are displayed as large

violet spheres, tantalum as medium blue spheres, and oxygen as small red spheres. (b) Energy density γ (in J · m−2) of generalized stacking
faults (GSF) in (1̄10) plane in KTaO3, computed with the rigid-ion potential (RIP) modified in this study. (c) Values of γ along [110] and
[001] computed with DFT/GGA (blue diamonds), Sepliarsky shell-model potential (red dotted lines), and modified rigid-ion potential (black
curves). (d) Ionic displacements in the vicinity of the APB when ions are allowed to fully relax. TaO6 octahedra are shown in transparent blue.
Blue arrows show atomic displacements magnified by a factor of 6 for better visualization.

γAPB = 0.28 J · m−2 with DFT, 0.86 J · m−2 with Sepliarsky
SMP, and 0.50 J · m−2 with our modified RIP. This large
gain in energy comes with significant relaxation, as illus-
trated in Fig. 1(c). This probably occurs because repulsion
between oxygen ions is not sufficiently screened by pairs of
K+ cations, while pairs of Ta5+ cations attract oxygen ions
to them. In addition, Ta ions repel each other and shift away
from the APB, so that they are not in the same (110) plane
as K ions. As a result of these relaxations, TaO6 octahedra
are not regular any longer, but are significantly distorted in
the APB [Fig. 1(c)]. Both interatomic potentials correctly
reproduce this relaxation. It is worth noting that despite these
distortions, unit cells in the APB remain paraelectric since
Ta ions remain at the center of oxygen octahedra. Also, such
complex relaxation was not found in SrTiO3, where instead
octahedra remain mostly regular in the APB [23,48].

Despite its accuracy in bulk material properties, the SMP
by Sepliarsky et al. has three main disadvantages. The first
is its complexity: The presence of shells doubles the num-
ber of particles per unit cell, making the computation of

interactions more time consuming. It also complicates the
relaxation of defects, the additional degrees of freedom giving
rise to local energy minima where relaxation algorithms can
be trapped, and sometimes cause numerical instability. The
second problem has to do with electric charges of particles.
The Sepliarsky SMP uses charges that are not multiple of
one another (qK = 0.82e, qTa = 4.84e, qO = −1.89e), mean-
ing that partial Schottky defects, such as K2O or Ta2O5

clusters, would not be charge neutral. Worse than that, the
Ta core is assigned a negative charge (−2.9878e) while its
shell, supposed to mimic the electronic cloud, has a large
positive charge (+7.8265e) [30]. Not only are these values
nonphysical, but they also make it much more difficult to
make sense of charged defects. Finally, the third drawback is
that after full relaxation, its prediction for the APB energy
is further away from the DFT value than our more simple
modified RIP.

On the contrary, our RIP uses partial charges that are
compatible with charge-neutral vacancy clusters (see Table I),
and is computationally less demanding than a SMP. We

053605-4



DISLOCATIONS AND PLASTICITY OF KTaO3 … PHYSICAL REVIEW MATERIALS 9, 053605 (2025)

(b)

0

0.1

0.2

0.3

0.4

0.5

0.6

−40 −20 0 20 40
 0

 1

 2

 3

 4

 5

 6

[110]

[110]

[001]

(a)

b/2 b/2

FIG. 2. (a) Atomic core structure of the screw dislocation with Burgers vector �b = [110]. After relaxation, it spreads preferentially in
the (1̄10) plane, where it dissociates into two collinear partial dislocations separated by an APB. K ions are displayed as large spheres,
Ta as medium spheres, oxygen as small spheres, and TaO octahedra are displayed in transparent blue. Ions are colored according to their
centro-symmetry criterion (see Methods). (b) Disregistry φ associated with the screw dislocation (black dots), and its derivative (purple curve).
The latter shows two maxima giving the position of the two partial dislocations.

acknowledge that the APB energy of 0.50 J · m−2 is higher
than the DFT value by a factor of 1.78, but it is closer to
DFT than any existing interatomic potential. Assuming in-
verse proportionality between APB energy and dissociation
distance as predicted from the elastic theory of disloca-
tions [31], γAPB = μb2/(2πκd ) (where κ = 1 − ν and 1 for
screw and edge dislocations respectively), this factor of 1.78
can be accounted for, similar to what was done in SrTiO3

[23]. Qualitatively, our RIP offers a good description of the
γ -surface as a whole, without any discontinuity. In the fol-
lowing, we use our modified RIP to model dislocation core
structures.

IV. 〈110〉{1̄10} SCREW DISLOCATIONS

A. Atomic core structure

Two screw dislocations are introduced with opposite Burg-
ers vectors ±[110]. After relaxation, they spontaneously
dissociate in the (1̄10) plane, as expected from the previous
γ -surface calculation. Figure 2 shows the resulting atomic
structure, revealing that two partials are separated by an APB,
however, octahedra are severely distorted near the cores of
partial dislocations. Computation of the disregistry (black
squares in Fig. 2) confirms that the partials have collinear
Burgers vectors 1

2 [110]. The derivative dφ/dx (purple curve)
shows two peaks, where each partial has a width of about
5 Å, and their dissociation width is 19.4 Å. The fact that
the derivative does not vanish between the two peaks shows
that partial dislocations overlap, causing a distortion of the
APB. Accounting for the overestimation of the APB energy
by a factor of 1.78 (see previous section), our calculations
predict that the dissociation width should actually be around
w§ ≈ 34 Å.

B. Dependence on dipole height

In SrTiO3, there is evidence that for screw dislocations in
a dipole configuration, the dissociation width depends on the

dipole height, i.e., on the distance between two dislocations
of opposite Burgers vectors. This effect was first observed
experimentally by Castillo-Rodríguez and Sigle [50], and then
confirmed by atomistic simulations [23]. The reason is that
when dislocations are close to one another, partials with oppo-
site Burgers vectors ± 1

2 [110] attract each other very strongly,
causing a reduction of the dissociation width. When disloca-
tions become separated enough, this effect becomes negligible
with respect to the repulsion of collinear partials and to the
stacking fault energy, and dislocations can be considered al-
most isolated from each other.

To study this effect in KTaO3, we varied the height of the
dislocation dipole h, and after relaxation, measured the disso-
ciation width d of each dislocation. Results are reported in the
inset of Fig. 3. It can be seen that for h < 80 Å, dissociation
width strongly depends on the dipole height. For the smallest
height h = 16 Å (i.e., about four unit cells), dissociation width
is reduced to 8 Å. Below this height, the two screw disloca-
tions are so constricted and attract each other so strongly, that
they cross-slip in (110) planes and annihilate, leaving only a
perfect crystal. For heights h > 80 Å, the dissociation width
of each dislocation reaches a plateau and does not depend
on the dipole height any longer. This means that dislocations
are separated enough and can relax into their optimal atomic
structure. These simulations indicate that dislocations must be
separated by a height h � 80 Å to relax independently and to
study individual dislocations.

C. Peierls barrier

To study the motion of the screw dislocation through the
lattice, we construct screw dislocations with different imposed
dissociation widths and relax each of these configurations in-
dependently. This produces metastable configurations where
the dissociation width ranges from four to eight lattice con-
stants a0. Then we compute the energy barrier between
metastable configurations, i.e., the Peierls barrier, by means of
the NEB method. The four final energy paths are represented
in Fig. 3.
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FIG. 3. Inset: evolution of dissociation width d as function of the height h of a dipole of [110] screw dislocations. Main graph: relative
energy of a screw [110] dislocation as function of the dissociation distance d between the two partials. The most stable configuration (white
arrow) is used as reference for the energies. Several configurations are found to be metastable.

Overall, as the dissociation distance d increases the sys-
tem’s total energy increases. This is due to the contribution of
the stacking fault energy, which increases with d . The most
stable configuration is found at d = 19.4 Å or 5a0, consistent
with the previous results. Other distances d = 4, 6, 7, and 8
are only metastable. Between these configurations, the Peierls
barrier is roughly the same, and we find an Peierls energy
about 45 meV · Å−1.

V. 〈110〉{1̄10} EDGE DISLOCATIONS

A. Electrically charged edge dislocation

A dipole of edge dislocations is constructed by removing
cells from a perfect crystal, following a procedure already
applied to SrTiO3 [24,25,49]. In the middle of a 80 × 80 × 1
supercell, a ribbon of width [110] is removed, thus leaving
a void region or gap in the material. One extremity is ter-
minated with a plane of oxygen ions, therefore a negatively
charged (1̄10) surface, and the other by a plane of KTaO2

stoichiometry hence positively charged (Fig. 5). The cell is
compressed along the X = [110] direction to compensate for
the artificially negative pressure induced by the gap, and fa-
cilitate further relaxation. First, ions are allowed to relax only
along the X direction in order to close the gap that was formed.
Then constraints are removed and ions are allowed to relax in
all directions. Finally, cell geometry is optimized so that no
stress is applied to the structure.

Figure 4 shows the resulting configurations. Two [110]
edge dislocations form as expected, both dissociated in their
(1̄10) glide plane. However their atomic core structures are
different, one containing extra oxygen atoms with respect to
the other. This is confirmed by charge analysis, one disloca-

tion carrying a charge +q (red areas in Fig. 4) and the other
a charge −q (blue areas). Computation of the disregistries
shows that dissociation widths are very close, 33.9 Å for
the positively charged dislocation, and 34.8 Å for the nega-
tively charged. Accounting for the factor 1.78 as above, we
estimate the dissociation width of charged dislocations to be
about 61 Å.

Although electrically charged dislocations can be con-
structed and stabilized in simulations, they are expected to
have a very high energy contribution. The longer the dis-
location segment, the higher the energy cost. In the end,
long-charged dislocations are not expected to remain in the
material, at least not without a mechanism that would com-
pensate for their charge.

B. Charge-neutral edge dislocation

To obtain charge-neutral dislocations, ions can be moved
from one charged dislocation to the other. Oxygen vacancies
have the highest mobility, with a migration barrier around
0.9 eV in unstrained KTO [51], it is sensible to move oxygen
ions from the negatively charged dislocation into the positive
one. In our previous work on SrTiO3, we have shown that
displacing an entire oxygen column prevents dissociation, and
leads to the formation of compact, sessile dislocations [25].
Instead, it is more favorable to duplicate the system along dis-
location lines, and to move half an oxygen column from each
negative partial dislocation into its positive counterpart, as
illustrated in Fig. 5. The oxygen ion is placed at the center of
three cations, so that a truncated polyhedron becomes a TaO6

octahedron after relaxation. After relaxation, one obtains two
equivalent edge dislocation cores that are still dissociated,
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X = [110]

Y = [110]

Z = [001]

(a) (b)

(c)

(d)

(e)

(f)

FIG. 4. Construction of a dipole of charged [110] edge dislocations (same color code as Fig. 2). (a) A ribbon of unit cells is removed,
leading to formation of two nonequivalent (1̄10) surfaces, (b) oxygen rich, and (c) oxygen poor. (d) After relaxation the cut closes and two
dislocations are formed, both dissociated, but with two different core structures. (e) Charge analysis reveals that the two dislocations carry
opposite charges ±q, and that the charge is localized on partial dislocations.

where each partial dislocation contains a half-filled oxygen
column [Fig. 5(b)]. Charge analysis confirms that each partial
is charge-neutral [Fig. 5(c)].

Compared to the system containing charged dislocations,
the one with charge-neutral dislocations is lower in energy
by 22.7 eV. This confirms that charge-neutral dislocations
are much more favorable than their charged counterparts, just
like in SrTiO3 [25]. The dissociation distance is also smaller,
31.5 Å, which translates into w⊥ = 60 Å after accounting for
the factor of 1.78. This is expected because partial disloca-
tions carrying the same charge impose elastic and electrostatic
repulsion on one another, while in charge-neutral partials the
electrostatic contribution effectively vanishes, thus reducing
dissociation width.

C. HRTEM observations

To further validate our simulation methodology, we em-
ployed HAADF-STEM imaging, combined with FFT and
inverse FFT (IFFT), to analyze the core structures of edge
dislocations after five cycles of scratching. Figure 6(a) shows a
dipole of dislocations of edge character. One may note that the
occurrence of dipoles is likely attributed to significant dislo-
cation multiplication occurring after five cycles of scratching.
While the HAADF-STEM imaging mode (38–200 mrad) pro-
vides strong atomic-number-sensitive contrast, we note that
this technique still has its limitations in contrast. Neverthe-
less, as observed in molecular static simulations, 〈110〉{1̄10}
edge dislocations show a clear tendency to dissociate in {1̄10}
with a stacking fault corresponding to the APB described

FIG. 5. Method for neutralizing the charge of [110] edge dislocations. (a) The system is duplicated along dislocation lines Z = [001], and
half oxygen columns are displaced from negatively charged partials into positively charged partials. (b), (c) After relaxation, two equivalent
[110] edge dislocations are obtained. Along each partial dislocation line, one oxygen site out of two is vacant. (d) Charge analysis reveals that
each partial dislocation is charge neutral.
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(a) (b) (c)

(d)

Experiment

Atomistic Simulation

X = [110]

Y = [110]

Z = [001]

X = [100]

Y = [010]

Z = [001]

X = [110]

Y = [110]

Z = [001]

FIG. 6. (a) A HAADF-STEM image of a dipole of ±[110] edge dislocations. (b) An IFFT of the region in (a), showing the extra planes.
(c) Zoom-in on one of the edge dislocations observed in (a), rotated by 45◦. The slip plane of the dislocation is indicated with white arrows.
The unit cell of KTaO3 is represented for reference (colored spheres). (d) Edge dislocation from atomistic simulation in Fig. 5, where atoms
were replaced by 2-D Gaussian functions to facilitate comparison with experiment.

previously. IFFT image further highlights the partial disloca-
tions as shown in Fig. 6(b). According to Figs. 6(b) and 6(c),
we estimate a separation width between partial dislocations of
70 Å consistent with the value predicted by our simulations
(60 Å). In Fig. 6(c), we note that lattice distortions near the
stacking fault disturb the positions of atoms, altering electron
channeling and thus affecting the contrast.

To facilitate comparison between our simulations and
experimental images, we visualized our atomistic model
[Fig. 5(b)] again, by replacing atoms with 2-D Gaussian func-
tions proportional to their atomic masses. Figure 6(d) shows
the resulting image obtained from the atomistic model. We ob-
serve good agreement with the experimental image [Fig. 6(c)],
although the dissociation width is smaller than in the experi-
ment because the interatomic potential overestimates the APB
energy (see above).

D. Peierls barrier

To study the motion of the charge-neutral edge dislocation,
we apply simple shear to the simulation cell. After each shear
increment of 0.1% the system is fully relaxed, and the proce-
dure is repeated until the edge dislocation (i.e., both partials)
has moved by one lattice vector. Then, all strain is removed
and the system is fully relaxed again, yielding the final con-
figuration. The NEB method is used to obtain the minimum
energy path between the initial and final configurations.

Figure 7 shows the resulting Peierls energy barrier. It
does not show a single maximum, but instead a double-hump
shape, although the local minimum is very shallow. The total
energy barrier is about 40 meV · Å−1. Looking at the atomic
configurations, this energy path corresponds to a motion of
the trailing partial which slightly compresses the dislocation
into a local energy minimum, rapidly followed by a motion of
the leading partial that restores the most favorable dissociation
width. This motion is quite subtle, but markedly different
from SrTiO3, where edge dislocations move as a whole and
the Peierls barrier shows a single energy minimum [25]. It
would be desirable to investigate how this energy path changes

with applied stress, and what are the consequences for plastic
deformation.

VI. DISCUSSION

A. Comparison with SrTiO3 and KNbO3

After strontium titanate (SrTiO3 or STO) and potassium
niobate (KNbO3 or KNO), potassium tantalate KTaO3 is the
third perovskite that was shown to exhibit bulk ductility at
room temperature [21,22]. Although at room temperature
STO and KTO are both cubic (Pm3̄m space group) while
KNbO3 is orthorhombic and ferroelectric (Amm2), in terms
of composition and physical properties KTO is more closely
related to KNO than to STO (see Table III). Concerning
dislocations, direct comparison is difficult because different
interatomic potentials were used in literature (e.g., STO was
modeled either with Thomas [23] or Pedone [25] potentials
and KNO was modeled with Sepliarsky SMP [20]), however,
we attempt to highlight the main trends.

FIG. 7. Minimum energy path for the motion of a charge-neutral
and dissociated [110] edge dislocation in KTaO3.
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TABLE III. Elastic constants (GPa) for the three perovskite ma-
terials discussed here. Shear modulus (GPa) is computed as μ =√

C44 · (C11 − C12)/2. APB energies γAPB are given in J · m−2, dis-
location dissociation widths w in Å, for dislocations of screw (§) and
edge (⊥) characters. Values for KTaO3 come from the present work.

SrTiO3 KNbO3 KTaO3

C11 255 [25] 426 [29] 429
C12 126 [25] 84 [29] 104
C44 126 [25] 104 [29] 104
μ 90 133 130
γAPB 0.925 [48] 0.50 [20] 0.28
w§ 39 [23] 30 [20] 34
w⊥ 28.6 [25] 60 [20] 61

On one hand, a property that the three materials have in
common is their polar {110} planes, that can be terminated
with ABO2 (hence a charge +2) or oxygen ions (−2). This
means that the same electric charges arise when construct-
ing edge dislocations, and the same charge compensation
mechanisms can be applied. As a result, charge-neutral edge
dislocations have similar structures in STO [25], KNO [20],
and KTO (present study). This explains why glide in {110} is
favored in all three materials, and why they all exhibit a certain
ductility. Furthermore, the γ -surface of KTO (Fig. 1) shares
all the main features of the one in STO [48], in particular, a
metastable APB along [110]. As a result, it is not surprising
that the same 〈110〉{1̄10} slip systems are activated in KTO
[22], KNO [20], and STO [17], and that [110] dislocations
dissociate.

On the other hand, the three materials differ in their elastic
constants, as shown in Table II. In particular, the shear mod-
ulus μ is larger in KTO and KNO, which makes these two
materials stiffer than STO. This trend is reflected in the Peierls
energy barrier that we obtained: for edge dislocations, V ⊥

P ≈
40 meV · Å−2 in KTO, and 5.4 meV · Å−2 in STO [25]. This
is consistent with recent experiments by Fang and coworkers,
who estimated a critical resolved shear stress τCRSS ≈ 137
MPa in KTO at room temperature [22], larger than that of
STO τCRSS ≈ 90 MPa in similar experiments [52]. Thus KTO
appears to be less ductile than STO.

B. Ductile to brittle transition

A remarkable feature of SrTiO3 is that around 1000 K it
loses its ductility and becomes brittle [16], a transition that
appears linked to the compaction of edge dislocation segments
leading eventually to climb dissociation [25,53]. However,
such a ductile-brittle transition was not observed in KNbO3,
which remains ductile up to 1200 K, with a flow stress that
decreases above 800 K [20]. This is probably due to disso-
ciation distances being larger in KNO (w⊥ ≈ 60 Å) than in
STO (28.6 Å), making their compaction much more difficult.
If this hypothesis is correct then it would also apply to KTaO3,
i.e., the large dissociation width (61 Å) would also prevent
compaction of edge segments, and KTO would not have a duc-
tile to brittle transition, but would remain ductile even at high
temperature. To confirm this scenario it would be desirable to
pursue investigations similar to what was done in SrTiO3, like

systematic compression experiments at different temperatures
and electron microscopy observations [16], and/or atomic-
scale simulations of a glide-to-climb transformation [25]. We
are confident that the interatomic potential that we propose
here can be used to study such mechanisms.

C. Charge of edge dislocations

As expected, our simulations show that a system containing
charged dislocations has a large excess energy compared to a
system containing charge-neutral dislocations. As a result, one
does not expect long dislocations carrying a lineic charge to
exist in the material.

Just like in SrTiO3 [25], negatively charged (oxygen-rich)
dislocations are inconsistent with oxygen vacancies that are
expected to be present at any finite temperature. Therefore,
we argue that the formation of oxygen-rich dislocations would
be very unlikely. In the end, the role of negatively charged
dislocations in plastic deformation can be dismissed.

This means that [110] edge dislocations are either charge
neutral, or carry a positive electric charge. Due to the large
electrostatic energy cost, it is reasonable to assume that long
dislocation lines with positive lineic charge are not favorable.
Instead, our calculations show that charge-neutral disloca-
tions are much more favorable, and can easily glide through
the lattice. It is therefore reasonable to assume that during
nucleation and multiplication of dislocations, edge segments
are preferentially charge neutral. If such an edge segment
encounters an oxygen vacancy, it can locally become posi-
tively charged, while still remaining glissile. Later this charge
can be balanced by emitting an oxygen vacancy, restoring
the charge-neutral core. This indicates that edge dislocations
should keep good mobility even at high temperature and in a
wide range of oxygen partial pressures. The exact mechanisms
of dislocation-vacancy interaction would require further sim-
ulations to be characterized in detail.

D. 〈100〉 dislocations

STO, KNO, and KTO also differ in ionicity. In STO, the
A and B sites carry formal charges of +2 (Sr) and +4 (Ti),
while in KNO and KTO the charges are +1 (K) and +5 (Ta or
Nb). Interestingly enough, this has no incidence on the formal
charge of {110} planes, as explained above, but it does change
the charge associated with {100} planes.

In STO, {100} planes consist of a stacking of charge-
neutral SrO and TiO2 planes. Thus, edge dislocations with
Burgers vector b = 〈100〉 can have the stoichiometry SrO
or TiO2, but both variants would be charge neutral. On the
contrary, in KTO and KNO, {100} planes terminated with
KO carry a charge of −1, while those of TaO2 or NbO2

termination carry a charge of +1. As a consequence, 〈100〉
edge dislocations with such terminations would not be charge
neutral, and charge compensation mechanisms would have
to be applied. It would be valuable to investigate the stoi-
chiometry and charge of 〈100〉 dislocations, as they can play
a role in grain boundaries or at (100)//(100) interfaces. The
charge and charge-compensation mechanisms associated with
〈100〉 dislocations may also influence electronic and ionic
conduction in these materials.
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VII. CONCLUSION

We propose an interatomic potential for potassium tanta-
late KTaO3, and demonstrate its applicability to the modeling
of dislocations belonging to {110} slip planes. Similarly to
SrTiO3, both edge and screw dislocations in KTaO3 are dis-
sociated and glide relatively easily through the lattice. Edge
dislocations are preferentially charge neutral, but remain glis-
sile even if they become positively charged (oxygen deficient),
a sign that the material should remain ductile in a wide range
of temperatures and oxygen partial pressures. This work opens
new pathways for investigating elementary mechanisms of
plastic deformation and diffusion in KTaO3 and related ma-
terials.
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Z. Zhao, L. Yue, M. Krogstad, F. Ye, Y. Liu, R. Osborn, S.
Rosenkranz, Y. Li, D. Pelc, and M. Greven, Structural prop-
erties of plastically deformed SrTiO3 and KTaO3, Phys. Rev.
Mater. 8, 124404 (2024).

[22] X. Fang, J. Zhang, A. Frisch, O. Preuß, C. Okafor, M. Setvin,
and W. Lu, Room-temperature bulk plasticity and tunable dis-
location densities in KTaO3, J. Am. Ceram. Soc. 107, 7054
(2024).

[23] P. Hirel, M. Mrovec, and C. Elsässer, Atomistic study of
〈110〉 dislocations in strontium titanate, Acta Mater. 60, 329
(2012).

[24] D. Marrocchelli, L. Sun, and B. Yildiz, Dislocations in SrTiO3:
Easy to reduce but not so fast for oxygen transport, J. Am.
Chem. Soc. 137, 4735 (2015).

[25] P. Hirel, P. Cordier, and P. Carrez, 〈110〉{1̄10} edge dislocations
in strontium titanate: Charged vs neutral, glide vs climb, Acta
Mater. 285, 120636 (2025).

[26] S. J. Plimpton, Fast parallel algorithms for short-range molecu-
lar dynamics, J. Comput. Phys. 117, 1 (1995).

[27] A. Pedone, G. Malavasi, M. C. Menziani, A. N. Cormack, and
U. Segre, A new self-consistent empirical interatomic potential
model for oxides, silicates, and silicas-based glasses, J. Phys.
Chem. B 110, 11780 (2006).

[28] J. D. Gale, Gulp: A computer program for the symmetry-
adapted simulation of solids, J. Chem. Soc., Faraday Trans. 93,
629 (1997).

[29] Y. Q. Xu, S. Y. Wu, L. J. Zhang, L. N. Wu, and C. C. Ding,
First-principles study of structural, electronic, elastic, and opti-
cal properties of cubic KNbO3 and KTaO3 crystals, Phys. Status
Solidi B 254, 1600474 (2017).

[30] M. Sepliarsky, A. Asthagiri, S. R. Phillpot, M. G. Stachiotti,
and R. L. Migoni, Atomic-level simulation of ferroelectricity
in oxide materials, Curr. Opin. Solid State Mater. Sci. 9, 107
(2005).

[31] J. P. Hirth and J. Lothe, Theory of Dislocations, 2nd ed.
(McGraw-Hill Publ. Co., New York, 1982).

[32] P. Hirel, Atomsk: A tool for converting and manipulating atomic
data files, Comput. Phys. Commun. 197, 212 (2015).

[33] K. Momma and F. Izumi, Vesta 3 for three-dimensional visu-
alization of crystal, volumetric and morphology data, J. Appl.
Crystallogr. 44, 1272 (2011).

[34] A. Stukowski and K. Albe, Dislocation detection algorithm
for atomistic simulations, Modell. Simul. Mater. Sci. Eng. 18,
025016 (2010).

[35] C. L. Kelchner, S. J. Plimpton, and J. C. Hamilton, Disloca-
tion nucleation and defect structure during surface indentation,
Phys. Rev. B 58, 11085 (1998).

[36] H. Jònsson, G. Mills, and K. W. Jacobsen, Nudged elastic band
method for finding minimum energy paths of transitions, in
Classical and Quantum Dynamics in Condensed Phase Simu-
lations (World Scientific, 1998), pp. 385–404.

[37] G. Henkelman and H. Jónsson, Improved tangent estimate in
the nudged elastic band method for finding minimum energy
paths and saddle points, J. Chem. Phys. 113, 9978 (2000).

[38] M. J. Weber, Handbook of Optical Materials (Taylor & Francis,
Boca Raton, 2002).

[39] A. Shigemi, T. Koyama, and T. Wada, First-principles studies
of various crystallographic phases and neutral atomic vacancies
in KNbO3 and KTaO3, Phys. Status Solidi (c) 3, 2862 (2006).

[40] L. Hu, D. Sun, H. Zhang, J. Luo, C. Quan, Z. Han, K. Dong, Y.
Chen, and M. Cheng, Growth, defects, mechanical, and optical
properties of transparent KTaO3 single crystal, J. Mater. Sci.:
Mater. Electron. 33, 13051 (2022).

[41] A. R. Benrekia, N. Benkhettou, A. Nassour, M. Driz, M.
Sahnoun, and S. Lebègue, Structural, electronic and optical
properties of cubic SrTiO3 and KTaO3: Ab initio and GW
calculations, Phys. B: Condens. Matter 407, 2632 (2012).

[42] H. Bouafia, S. Hiadsi, B. Abidri, A. Akriche, L. Ghalouci,
and B. Sahli, Structural, elastic, electronic and thermodynamic
properties of KTaO3 and NaTaO3: Ab initio investigations,
Comput. Mater. Sci. 75, 1 (2013).

[43] G. Kresse and J. Furthmüller, Efficient iterative schemes for
ab initio total-energy calculations using a plane-wave basis set,
Phys. Rev. B 54, 11169 (1996).

[44] G. Kresse and D. Joubert, From ultrasoft pseudopotentials to
the projector augmented-wave method, Phys. Rev. B 59, 1758
(1999).

[45] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B
50, 17953 (1994).

[46] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient
approximation made simple, Phys. Rev. Lett. 77, 3865 (1996).

[47] H. J. Monkhorst and J. D. Pack, Special points for Brillouin-
zone integrations, Phys. Rev. B 13, 5188 (1976).

[48] P. Hirel, P. Marton, M. Mrovec, and C. Elsässer, Theoretical
investigation of {110} generalized stacking faults and their re-
lation to dislocation behavior in perovskite oxides, Acta Mater.
58, 6072 (2010).

[49] A. J. Klomp, L. Porz, and K. Albe, The nature and motion
of deformation-induced dislocations in SrTiO3: Insights from
atomistic simulations, Acta Mater. 242, 118404 (2023).

[50] M. Castillo-Rodríguez and W. Sigle, Dislocation dissociation
and stacking-fault energy calculation in strontium titanate, Scr.
Mater. 62, 270 (2010).

[51] J. Xi, H. Xu, Y. Zhang, and W. J. Weber, Strain effects on
oxygen vacancy energetics in KTaO3, Phys. Chem. Chem. Phys.
19, 6264 (2017).

[52] F. Javaid, K. E. Johanns, E. A. Patterson, and K. Durst,
Temperature dependence of indentation size effect, dislocation
pile-ups, and lattice friction in (001) strontium titanate, J. Am.
Ceram. Soc. 101, 356 (2018).

[53] P. Hirel, P. Carrez, and P. Cordier, From glissile to sessile: Effect
of temperature on (110) dislocations in perovskite materials,
Scr. Mater. 120, 67 (2016).

053605-11

https://doi.org/10.1103/PhysRevMaterials.8.124404
https://doi.org/10.1111/jace.20040
https://doi.org/10.1016/j.actamat.2011.09.049
https://doi.org/10.1021/ja513176u
https://doi.org/10.1016/j.actamat.2024.120636
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1021/jp0611018
https://doi.org/10.1039/a606455h
https://doi.org/10.1002/pssb.201600474
https://doi.org/10.1016/j.cossms.2006.05.002
https://doi.org/10.1016/j.cpc.2015.07.012
https://doi.org/10.1107/S0021889811038970
https://doi.org/10.1088/0965-0393/18/2/025016
https://doi.org/10.1103/PhysRevB.58.11085
https://doi.org/10.1063/1.1323224
https://doi.org/10.1002/pssc.200669541
https://doi.org/10.1007/s10854-022-08246-1
https://doi.org/10.1016/j.physb.2012.04.013
https://doi.org/10.1016/j.commatsci.2013.03.030
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1016/j.actamat.2010.07.025
https://doi.org/10.1016/j.actamat.2022.118404
https://doi.org/10.1016/j.scriptamat.2009.11.016
https://doi.org/10.1039/C6CP08315C
https://doi.org/10.1111/jace.15182
https://doi.org/10.1016/j.scriptamat.2016.04.001

