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The binding and pairwise interaction of oxygen vacancies in the ferroelastic �100� twin walls of the ortho-
rhombic phase of CaTiO3 perovskite �Pbnm� have been investigated by numerical simulations using empirical
force fields. An oxygen vacancy finds it energetically favorable to reside inside a twin wall, particularly when
bridging two titanium ions located in the twin-wall plane. In such case, the binding energy of the vacancy to
the wall is 0.7�0.1 eV, the error bar reflecting variability within two different force fields. A different
disposition of the vacancy in the wall sees its binding energy reduced by a factor of 2. This implies that
depending on the relative time scales for twin-wall motion and for oxygen-vacancy diffusion, anelastic motion
of twin walls can display two different energy dissipation mechanisms associated to these point defects. The
strongest interactions among oxygen vacancies in a twin wall are due to short-range repulsion so that no defect
clusters were found. The vacancy-wall binding energy is found to increase substantially with pressure.
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I. INTRODUCTION

Perovskites have been of longstanding scientific interest
in the physics and chemistry of materials, both natural and
manmade,1 the latter ranging from multiferroics to supercon-
ductors. The mineral perovskite, CaTiO3, consists of corner
linked TiO6 octahedra with Ca atoms distributed between the
octahedra. Its distortion from the ideal cubic structure2,3 is
explained by the tilting of deformable TiO6 octahedra around
their three symmetry axes �Figs. 1�a� and 1�b��. Under am-
bient conditions, CaTiO3 exhibits Pbnm symmetry and a
Glazer octahedral tilt system4,5 of a−a−c+. This structure is
analogous to that of the MgSiO3 perovskite, the most abun-
dant solid material in earth, as main component of its lower
mantle.

The symmetry reduction from cubic to orthorhombic al-
lows for twinning, which gives rise to twin domains sepa-
rated by twin walls. These walls can move under mechanical
stress.6,7 This motion and whatever interferes with it �pinning
by other defects� is crucial in the understanding of ferroelas-
tic hysteresis, fatigue, and also in dissipation effects in elas-
tic materials response �e.g., in seismic wave attenuation�. A
simple ferroelastic twin wall �Fig. 1�c�� is described in terms
of the relevant �primary� order parameter,8 Q1, which is non-
zero in the bulk of the twins �it would be zero at the high-
symmetry phase�, and goes to zero at twin walls while
changing sign between twins. In this case Q1 can be associ-
ated with an octahedral tilt. It couples to secondary order
parameters, e.g., to other rotational degrees of freedom, fer-
roelectriclike offcenterings,9 or octahedral deformations.
Secondary order parameters appear or are enhanced in the
walls10 while being suppressed in the bulk, a behavior that
can be described within Landau theory by a coupling term of
the type �Q1

2Q2
2, where Q2 is the secondary order parameter

and ���0� is the coupling constant �other couplings are pos-
sible but depend on the symmetries of the system and the
order parameters�. This scenario is the main characteristic of
so-called chiral walls.11 Such walls are usually rather wide

and not prone to Peierls pinning12 while their dynamics is
still subject to extrinsic pinning by defects.

Experimentally, the accumulation of defects is seen as
resonances of wall movements under external stress
fields.13,14 The dynamics of ferroelastic twin walls has been
widely studied experimentally13,15–20 and theoretically,12,21,22

yet very few papers identify oxygen vacancies as pinning
centers and investigate the dynamics of the pinning/
unpinning process.10,14,23–25 Here, we report a detailed inves-

FIG. 1. �Color online� CaTiO3 orthorhombic perovskite show-
ing the tilting of the TiO6 octahedra at room conditions �a� before
and �b� after a 90° rotation along the c axis. �c� A common unre-
laxed twin wall �gray area� between two ferroelastic domains, ori-
ented along the �110� plane of the tetragonal phase �low-symmetry
phase�, where the unit cell is represented by rectangles with a and b
parameters �c is pointing into the paper� with respect to the cubic
phase �Ref. 8�. �d� A wire frame view along the y axis of the relaxed
configuration of the orthorhombic CaTiO3 perovskite structure. Ti-
tanium ions reside at the vertices of the sticks and they are bridged
by oxygen ions. The �isolated� points are Ca ions. Note the period-
icity and the perfect alignment of Ti ions �nontilted octahedra� rep-
resented by two straight lines, at the center and at the right corner of
the diagram, indicating the actual twin walls locations. The walls
are separated by 49.8 Å.
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tigation of oxygen vacancies in twin walls, their mutual in-
teraction, and influence of pressure on the defect energy.

II. COMPUTATIONAL METHOD

We used two different sets of empirical potentials �Table
I� to describe the interactions in CaTiO3. Both models are
based on electrostatic interactions of Coulombic type with
formal charges on ions and Buckingham potentials between
nearest neighbors. These are pair-body potentials describing
the rigidity of the TiO6 octahedra. A cutoff distance of 10 Å
was used for nonelectrostatic interactions in both models.

Energy differences were analyzed between relaxed geom-
etries at different conditions of pressure. Small relaxations

were performed using GULP �Refs. 26 and 27�; the DLPOLY
program28 was used for the relaxation of large simulation
cells. It is not trivial to obtain subelectron volt energy differ-
ences of relaxed structures when dealing with many thou-
sands of atoms. We used molecular-dynamics �MD� anneal-
ing toward zero temperature. Lattice energies obtained by the
two models are within 6% of each other and the difference in
relevant �small� energies obtained with both codes are within
1%.

An original force-field model was derived by Calleja et
al.25 �M1�, targeting mostly structural stability properties,
and has been used for further applications.29 The elastic
properties were less well determined in this model so that a
new parameter set �M2� was fitted here as an extension of
M1 by including elastic moduli30–32 and phonon frequency
modes33 for the fit. The reliability of these models was first
tested with small relaxations of variable unit cells �20 at-
oms�, which were performed using static calculations with
GULP. Numerical simulations were then extended to a
medium-sized system with a supercell of 4�4�3 unit cells
�960 atoms�, where a mild thermal treatment under variable
cell conditions allowed us to confirm the stability of the
Pbnm phase versus other possible competing phases the
model might have wanted to relax onto. These two force
fields, quite different, but reasonably describing the material
at hand, are used to ascertain the model dependence of the
results and conclusion of this paper.

The experimentally observed orthorhombic structure was
reproduced by M1 within a maximum error of 0.2% for the
unit cell parameters, 4% for all the atomic displacements
�x ,y ,z� in the symmetric unit cell and tilt angles within 1°.
M2 reproduces the orthorhombic unit cell parameters within
an error of 2%, the atomic positions within 6% and tilt
angles within 1°, while the elastic moduli are vastly im-
proved over M1 �see Table I�. Details of the octahedral tilting
calculation along the three main directions: �100�, �010�, and
�001� �hereafter called x, y, and z, respectively� are in agree-
ment with the experimental values obtained by Sasaki et al.36

and Buttner and Maslen.37

Two �100� twin walls were introduced in a supercell of
26�10�6 unit cells �Fig. 1�d��, as in Ref. 9. This configu-
ration needed to be long along the x direction to allow
enough separation between the walls but also along y and z
to allow for point-defect separation. The simulation cell
comprised 7800 atoms with orthorhombic periodic boundary
conditions �PBC�. Two walls were considered for compat-
ibility with PBC.

The relaxation was originally performed with a cell vari-
able in shape and size �N�T ensemble�. This was done by
equilibrating in a constant-stress tensor and isothermal envi-
ronment using a two-stage approach. First, raising the kinetic
temperature to 10 K for the first 0.5 ps within MD by scaling
all the velocities up. Second, quenching slowly to 0 K until
all velocities reach zero and the system had completely re-
laxed �within 0.1 eV for the final total energy�. These simu-
lations used a time step of 1 fs and normally 10 ps of MD
were enough to find the minimum. Similarly, the configura-
tion containing the walls and the point defects was further
relaxed for variable cell size but fixed cell shape �NPT�.

The energies associated with the presence of single point
defects �oxygen vacancies� were compared at various loca-

TABLE I. Empirical force fields for CaTiO3 employed in this
work: interatomic potentials, structural parameters, tilt angles, and
elastic moduli. Model 1 �M1� was derived by Calleja et al. �Ref. 25�
and M2 was obtained in this work.

Parameter Experiment M1 M2

Ca-O: Aij �eV� 2272.741 409.509

Ca-O: Bij �Å−1� 3.3490 2.4783

Ca-O: Cij �eV Å6� 0.00 0.00

Ti-O: Aij �eV� 3242.124 718.661

Ti-O: Bij �Å−1� 3.4626 2.4534

Ti-O: Cij �eV Å6� 0.00 0.00

O-O: Aij �eV� 22764.000 18737792.107

O-O: Bij �Å−1� 6.7114 7.8616

O-O: Cij �eV Å6� 27.88 235.59

a �Å� 5.381a 5.389 �+0.1%� 5.298 �−2%�
b �Å� 5.442a 5.433 �−0.2%� 5.339 �−2%�
c �Å� 7.641a 7.652 �+0.2%� 7.531 �−1%�
V �Å3� 223.8a 224.0 �+0.1%� 213.0 �−5%�
�=�=� �deg� 90e 90e 90e

	x �deg� 9.3a 8.4 �−10%� 9.5 �+2%�
	y �deg� 9.4a 8.5 �−10%� 9.6 �+2%�
	z �deg� 8.8a 8.1 �−8%� 8.8 �0%�
K �GPa� 170.9�1.4 b 278.4 �+63%� 174.4 �+2%�

 �GPa� 106.0�1 c 164.1 �+55%� 106.0 �0%�
C11 �GPa� 308d 494 �+60%� 332 �+8%�
C12=C21 �GPa� 95d 194 �+104%� 97 �+2%�
C13=C31 �GPa� 110d 153 �+39%� 110 �0%�
C22 �GPa� 484 312

C23=C32 �GPa� 156 105

C33 �GPa� 305d 523 �+72%� 303 �−0.7%�
C44 �GPa� 110d 154 �+40%� 106 �−4%�
C55 �GPa� 152 113

C66 �GPa� 121d 187 �+55%� 100 �−17%�
aExperimental structural parameters from Ref. 34.
bExperimental bulk modulus K, Ref. 30.
cExperimental shear modulus 
, Ref. 35.
dExperimental elastic constants �Refs. 31 and 32�.
eThese parameters remained fixed. M2 also included the fitting
against 49 phonon frequencies extracted from Ref. 33 �not shown�.
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tions and dispositions �between Ti nearest neighbors along x,
y, and z� in the neighborhood of the walls, starting from the
central twin wall and moving perpendicularly away toward
the bulk region �along the x axis of our simulation cell�. The
first vacancy was selected over the central twin wall of the
configuration showed in Fig. 1�d� �taken as reference�; and
another two, one very close to the former, and finally one
very far from the wall.

The introduction of an oxygen vacancy generates a charge
imbalance, intractable within PBC. To restore the charge bal-
ance, the individual elemental charges in the system were
compensated by slightly adjusting the charge of the Ca and
Ti ions �without removing any other atom from the configu-
ration�. This implies a charge in �q�−6.4�10−4e over all
cations, equivalent to a homogeneous charge background. An
explicit counterdopant could have been included instead but
that would have introduced additional and unnecessary com-
plexity.

To establish the reliability of our models for our oxygen-
vacancy study what matters is not how well a vacancy is
described by our potentials but rather how well described is
the change in energy when taking the vacancy from the bulk
to the twin wall. The difference between the bulk and the
twin wall is a small change in tilt angle. Its effect on the
vacancy is mostly due to the slight change in electrostatics
and strain, both well captured by our models. A good test of
this is given by the local relaxations around a vacancy in the
bulk of the material. The characteristic feature is the outward
relaxation of the two Ti atoms neighboring the vacancy.
First-principles calculations of oxygen vacancies in bulk
orthorhombic CaTiO3 �see Ref. 38 for a detailed density-
functional study of the vacancies, and Ref. 39 for a careful
theoretical study of the bulk� give a Ti-vacancy distance of
2.13 Å, when the corresponding bulk Ti-O distance was
1.96 Å. Our respective numbers are 2.11 and 1.95 Å, dis-
playing the same effect in quite quantitative agreement. Fur-
thermore, the mentioned first-principles work38 also offers
equivalent numbers for the cubic phase, namely, 2.03 and
1.94 Å. The twin wall can be considered an environment
midway toward the cubic environment �one tilt order param-
eter vanishes, the others do not�. Our numbers for the va-
cancy at the wall are 2.06 and 1.93 Å, clearly moving to-
ward the bulk cubic values. These agreements for the
vacancy and the way it varies toward the wall-like environ-
ment give reasonable validation of our models toward the
conclusions of this study. First-principles studies for this
problem would be desirable but are still out of reasonable
reach not because of the size of the system but because of the
very long and subtle relaxations.

III. RESULTS

A. Twin-wall structure in CaTiO3 perovskite

The structure of the twin walls is described in terms of
order parameters along each of the three crystallographic di-
rections �x, y, and z�, which are related to the tilting or rota-
tions of the octahedra around each of the axes. There are two
possible tilts for orthorhombic perovskites, which correspond
to two order parameters �each of them can be either positive

or negative�. These order parameters vary with the distance
perpendicular to the twin walls and have a shear strain asso-
ciated with them.

Given the Ti-O and Ti-Ti bond distances, the tilting of the
octahedra along each of the crystallographic axes was deter-
mined for the relaxed configuration with each of the models.
The net tilting of an octahedron is given by

	 = arccos� rTi-Ti

2rTi-O
� , �1�

where rTi-O is the Ti-O bond distance for each octahedron
and rTi-Ti represents the distance between Ti atoms in neigh-
boring octahedra. We will use, however, a Cartesian decom-
position of the tilts, adequate for small tilts. They depend on
the vector d� =r�O−r�Ti, between a Ti ion and each of the clos-
est O neighbors that belong to the same octahedron. There
are six such vectors per octahedron corresponding to each of
the bridging oxygens �two along x, y, and z�. Taking the
relevant vector in each case, the octahedral tilting along each
direction can be described as

	x = arctan� dz

dy
� ,

	y = arctan� dz

dx
� ,

	z = arctan�dx

dy
� . �2�

Figure 2 displays the behavior of the three tilts as a function
of the distance from the central twin wall. They are plotted as
the average, the error bars representing the standard devia-
tion, of the different values obtained in the different octahe-
dra in each plane �due to incomplete relaxation and to in-
equivalent octahedra in the orthorhombic unit cell�.

The primary order parameter Q1 is associated with the
octahedral rotation around the y axis, 	y �Fig. 2�a��. Q1 fol-
lows closely the hyperbolic tangent

	y = 	y
0 tanh��x − x��/w� �3�

corresponding to the functional form expected from Landau
theory,8 where 2w is the wall width. The twin angle in the xy
plane is approximately 0.5°. 	x and 	z show breather anoma-
lies across the wall �Figs. 2�b� and 2�c��, which is the typical
behavior expected for secondary order parameters.10,12 The
secondary order parameter Q2 is represented by a hyperbolic
secant profile

	x = 	x
0 + sech��x − x��/w� ,

	z = 	z
0 + sech��x − x��/w� . �4�

The octahedral tilt angle in the bulk �	y
0� is 8.3° in M1 and

9.5° in M2. For the secondary order parameters along x, the
bulk value for the octahedral tilt angle 	x

0 is 8.3° for M1 and
9.2° for M2. Along z the octahedral tilt angle 	z

0 is 8.1° for
M1 and 8.7° for M2. The bulk octahedral tilt angles for each
of the directions, estimated with M2 are always larger than
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the values obtained with M1, while the relative magnitudes
are similar for both models.

The twin-wall width 2w for Q1 was determined for M1
and M2 as 1.09 and 0.84 nm, respectively, which lies well
within existing experimental values.13,40,41 The secondary or-
der parameter along x displays widths of 0.45 and 0.20 nm
for M1 and M2, respectively. This result is in agreement with
the finding that there is a width difference between primary
and secondary order parameters, as discussed by Houch-
mandzadeh et al.,11 generating larger lattice distortions in the
domains than in the walls. However, the secondary order
parameter along z shows wall widths closer to the primary
order parameter. These values are 1.12 and 0.91 nm, respec-
tively.

An analysis of the geometry around the walls was also
performed by measuring the average rTi-Ti distances for near-
est neighbors perpendicular to the wall, for both M1 and M2
�Fig. 3�. These distances increase by �0.6% and 0.4% at the
wall for each of the models, due to the straightening of the
Ti-O-Ti bonds. The central wall is located at the position x

=−0.19 nm, as indicated by the dotted line in Fig. 3.
The influence of pressure was initially investigated on the

defect-free CaTiO3 perovskite configuration with the �100�
ferroelastic twin walls for pressures up to 10 GPa �Table II�.
The octahedral tilting showed a slight increment along each
direction and a small decrease in the wall thickness with
increasing pressure. This is as expected, given the fact that
the relevant phase transition �for which Q1 would go to zero�
increases its transition temperature with growing P. This
wall thinning with pressure relates to the behavior of the
order parameter �octahedral tilting�. The response in terms of
the compressibility of the wall through the squeezing of the
octahedra was described in Ref. 42.

B. Twin wall interactions with oxygen vacancies

After introducing oxygen vacancies, the twin wall thick-
ness was determined for the primary and secondary order
parameters. The values obtained were smaller �by about 9%�
than those derived from the defect-free configuration, which
means that the vacancies tend to decrease the thickness of the
wall locally. This change in wall width is attributed to the
interaction between the primary order parameter and the
point defect.14 The presence of oxygen vacancies at the given
concentration of 1.1�10−3 vac /Å2 already has a sizeable
effect on the twin walls.

The energies associated with the presence of oxygen va-
cancies at various locations along �100� were calculated. The
vacancy-wall binding energy was computed from the differ-

TABLE II. Wall thickness versus pressure for the �100� fer-
roelastic wall in CaTiO3.

P �GPa� 2w �nm�

0 1.00�0.02

2 0.95�0.04

4 0.93�0.09

6 0.90�0.06

8 0.89�0.05

10 0.87�0.04

(b)(a) (c)

FIG. 2. Octahedral tilting around each of the crystallographic directions: �a� along �010�, �b� along �100�, and �c� along �001�. Open
symbols represent our potential model �M2� and closed symbols correspond to M1 �Ref. 25�.

FIG. 3. Ti-Ti nearest-neighbors distances perpendicular to the
walls. Open symbols show the distances without twin walls and
closed symbols, the distances due to the presence of the walls.
Circles are for M1 and squares for M2.
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ence in lattice energy of having a vacancy at the wall and
having it midway between walls. It is calculated to be 0.80
eV in M1 and 0.58 eV in M2 �Fig. 4�. These values are
smaller than the 1.20 eV obtained by Calleja et al.25 for the
binding of an oxygen vacancy to a �100� composite wall
made of a ferroelastic twin wall and an antiphase boundary.

We find a marked anisotropy in the binding energy with
the location of the oxygen vacancy. Vacancies that occur
along Ti-O-Ti linkages perpendicular to the wall �along �100�
in our setup� are half as bound to the wall than those along
�010� and �001� bridges. This implies that, from the point of
view of anelastic dissipation, oxygen vacancies would be-
have as two different kinds of pinning sites depending on
their orientation with respect to the wall, the most binding
configuration representing two thirds of the total vacancy
concentration. Such behavior would be expected if the time
scale for wall motion �passing a pinning point� were shorter
than the one for oxygen diffusion, and thus the wall would
deal with vacancies as it finds them. If, on the other hand,
those time scales are reversed, oxygen vacancies in unfavor-
able orientations would be expected to relocate to the favor-
able configuration, all vacancies thus pinning the walls
equally. Such time scales depend on temperature and pres-
sure, allowing to foresee interesting behaviors that deserve
further scrutiny.

C. Interactions among oxygen vacancies in a wall

Vacancies in a wall can cluster or disperse depending on
the defect-defect binding energy.23 Seven possible oxygen
vacancies interactions have been considered in the y direc-
tion along the central domain wall plane �yz plane�, as shown
in Fig. 5. The supercell’s largest width, along the y direction,
allows for a good description of oxygen vacancy pairs. Inter-
actions I1, I2, and I3 correspond to second-, fourth-, and

sixth-nearest-neighbor interactions, respectively. The remain-
ing interactions �I4, I5, I6, and I7� correspond to first nearest
neighbors, either oriented along y, in diagonal over the yz
plane of the wall, or out of the plane and close but not di-
rectly bonded to each other.

The corresponding relaxations were performed following
the procedure explained in Sec. II, using a N�T ensemble for
the two potential models. The interaction energy was deter-
mined for each pair of vacancies according to the following
equation,

Eint = Epair + E0 − 2Evac, �5�

where Epair is the potential �lattice� energy for the system
with the pair of vacancies, E0 is the defect-free energy of the
system with the two walls, and Evac is the energy associated
with each oxygen vacancy system separately. The resulting
interaction energies for both potential models are shown in
Fig. 6. Both models show an important but quite short-
ranged repulsion. The strongest interactions due to short
range repulsion are I4 and I5 �between first nearest neigh-
bors�. Interaction I1 is very similar to I7 due to the small
separation between oxygens on each pair. These results indi-
cate that vacancies are not expected to cluster in domain
walls.

D. Pressure dependence of wall pinning

The pressure dependence of twin-wall pinning is of great
importance in geophysics where the question is being asked
whether anelasticity exists under the high-pressure condi-
tions in the lower mantle. We investigated it as before, the
structural optimization being performed under pressures be-
tween 0 and 140 GPa, using the NPT ensemble. The pressure
effect on the vacancy-wall binding energy is relatively small
for both M1 and M2 �Fig. 7�, although slightly larger using
M2 at intermediate pressures. This reflects the fact that the
first model is stiffer than the second. It is clear from both
models that the binding energy of an oxygen vacancy in-
creases very slowly at first but becomes substantially en-
hanced at high pressure. The high-pressure regime seems to
start at 80 GPa in model M1 while model M2 shows a steep
increase at pressures above 60 GPa. The elastic compress-
ibility of the twin wall is roughly in the same order of mag-

FIG. 4. Relative energies of oxygen vacancies in CaTiO3 with
the distance perpendicular to the walls �P=0 GPa�. Open symbols
�and the short dotted line� are for M2 and closed symbols �and the
dashed line� are for M1. Circles denote oxygen vacancies bridging
titania along �100�, squares those bridging along �010� and triangles
those bridging along �001�.

FIG. 5. �Color online� Oxygen vacancy pairs in the plane of the
wall.
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nitude as that of the bulk42 so that this effect is not related to
a simple differential compression of the twin wall. The re-
sults imply that twin walls become more efficient sinks for
oxygen vacancies as pressure increases, and that oxygen va-
cancies become stronger pinning defects for walls at high
pressure.

IV. CONCLUSIONS

Two force-field models have been used to study the inter-
actions of oxygen vacancies with twin walls in perovskite.
First, the twin walls themselves were simulated giving a
good description of the behavior of the primary order param-
eter versus distance to the wall. The secondary order param-
eters were observed to describe slight breathers at the walls
related to octahedral rotations along �100� and �001�. Both
behaviors nicely followed the predictions of Landau theory.

Oxygen vacancies were found to bind to the walls more
strongly when bridging titanium ions within the wall plane,
otherwise their binding energies being reduced by half. The
binding energy is calculated to be 0.80 and 0.58 eV for M1
and M2, respectively. Their qualitative agreement supports
these conclusions. A dependence on vacancy orientation with

respect to the wall has been found that could have interesting
implications in the anelastic response of the material depend-
ing on the relative time scales of wall motion and vacancy
diffusion.

Oxygen vacancies were also found to repel each other
when in close proximity in a wall, indicating no clustering of
vacancies in walls, although the vacancy-vacancy repulsion
was found to decay quite rapidly. The binding of vacancies
to walls has been also found to increase with pressure, no-
ticeably so for very high pressures ��80 GPa�.
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(b)

(a)

FIG. 6. �Color online� Interaction energy dependence with dis-
tance between oxygens for seven different pairs of oxygen vacan-
cies located on the central ferroelastic wall. �a� Results derived
from M1 and �b� from M2.

(b)

(a)

FIG. 7. �Color online� Pressure dependence of the stabilization
of oxygen vacancies at the domain wall in CaTiO3 perovskite for:
�a� M1 �Ref. 25� and �b� M2, measured relative to the stabilization
of a vacancy at the �001� Ti-O-Ti bridge at 0 GPa.
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