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Asymmetric structure of 90° domain walls and interactions with defects in PbTiO;
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We investigate the atomistic structure of ferroelastic-ferroelectric 90° domain walls in PbTiO; with
first-principles calculations and high-resolution scanning transmission electron microscopy. We find sharp
discontinuities in the variation of lattice parameters across the domain walls. Unexpectedly, the two neighboring
domains become asymmetric across the boundary, giving rise to primitive unit cells with large tetragonality ratios
(c/a) of the order of 1.11 close to the boundary. The variation of the domain wall structure with respect to strain
is demonstrated. We show that oxygen vacancies are attracted to the plane adjacent to the 90° domain wall. The
mechanisms of domain wall pinning by oxygen vacancies is explained based on the energy landscape of the

vacancies in the presence of the domain interface.
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I. INTRODUCTION

Multiferroic oxides are materials of great technological
interest and exhibit a variety of phenomena that are being
investigated from a fundamental or applied perspective. Fer-
roelectric oxides especially have been long studied because
of their excellent piezoelectric and dielectric properties. A
new direction that raises much interest in these materials
is related to the newly discovered properties of domain
wall interfaces. For example, the presence of switchable
polarization within a 180° domain wall of PbTiO3 was reported
recently by Wojdet and Tdiguez [1]. Strongly charged domain
walls have been discovered which show the presence of
quantum two-dimensional electron gas [2,3] reminiscent of the
phenomena observed in LaAlO3/SrTiO heterostructures [4-6].
Charge separation in such domain walls has been exploited
not only in oxides [7], but also in organometallic perovskites;
it is thought that domain wall engineering is a promising
approach to optimize photovoltaic devices [8]. More and more
effort is being devoted to achieve the controlled growth and
functionalization of such domain wall interfaces, especially in
thin films [9-11].

The interaction of oxygen vacancies with domain walls has
long been thought to influence the properties of ferroelectric
materials. For example, the orientation of metal-oxygen
vacancy defect associates causes the “aging” phenomena in
doped ferroelectric ceramics [12—14] and single crystals [15].
The accumulation of oxygen vacancies is believed to be
one of the causes behind the phenomenon of ferroelectric
fatigue [16,17]. More recently, Sluka et al. [2] suggested that
oxygen vacancies accumulate at tail-to-tail charged domain
walls in BaTiO;. Becher er al. [18] showed how coupling
of oxygen vacancies with domain walls in StMnOj3 altered
the conductive properties of the wall with respect to the
bulk. Chandrasekaran et al. [19] highlighted the attraction of
oxygen vacancies and defect associates to 180° domain walls
in PbTiOs3. Kitanaka et al. [20] reported the attractive potential
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of oxygen vacancies to 90° domain walls in PbTiO3 using
first-principles calculations and attributed this result partially
to the electrostatic interaction of domain walls with the defect.
Very recently, Xu et al. [21] suggest that the presence of oxygen
vacancies at domain walls may lead to a magnetism due to a
localized spin moment at the vacancy.

In this paper we first report observations on the structure
of 90° domain walls in PbTiO3;. An asymmetry in the
variation of the lattice parameter across the domain wall is
shown both computationally and by high-resolution scanning
transmission-electron-microscopy (HRSTEM) measurements.
The variation of the structural asymmetry in the presence of
strain is studied. We then investigate the interaction of such
walls with different types of oxygen vacancies. The possible
pinning mechanisms involving oxygen vacancies are studied,
and it is suggested that the interaction of oxygen vacancies
with domain walls arises mainly from elastic interactions as
opposed to electrostatic ones.

II. COMPUTATIONAL DETAILS

We used density functional theory with the PBEsol XC
approximation using ultrasoft pseudopotentials' and plane
waves, as implemented in the QUANTUM ESPRESSO distri-
bution [22]. An effective Monkhorst-Pack k-point mesh of
8 x 8 x 8 per five-atom cell, a plane-wave cutoff of 60 Ry,
and a charge density cutoff of 600 Ry are utilized. The
plane-wave cutoff is chosen to converge the forces on atoms to
10~* Ry/bohr. Since the supercells contain charged defects,
a compensating jellium background of opposite charge is
inserted to remove divergencies. The size of the supercell
for the 90° domain wall calculation is 17.55a x a x 1.46a,

!Pb.pbesol-dn-rrkjus_psl.0.2.2.UPF, Ti.pbesol-spn-rrkjus_psl.0.2.
3.UPF, O.pbesol-n-rrkjus_psl.0.1.UPF
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where a is the calculated lattice parameter of PbTiOs (3.87
A). The construction of the supercell is performed in a similar
manner to that of Meyer and Vanderbilt [23]. For calculations
involving defects, the supercell size was 8.77a x 2a x 2.93a.
The supercell is thus doubled in the y and z directions to avoid
strong interaction of vacancies with their periodic images and
to reduce the effective planar concentration of vacancies in the
y-z plane.

III. EXPERIMENTAL DETAILS

Lead zirconate titanate (PZT) 10/90 (10% zirconium and
90% titanium) thin films were prepared for experimental
verification. The details of the sample preparation are given
elsewhere [9]. The films are 160 nm thick and are sufficiently
thick to minimize substrate effects. The cross-sectional PZT
10/90 specimens used for electron microscopy observation
were prepared by conventional methods, including grinding,
dimpling, polishing, and milling by argon ions. The atom-
resolved high-angle annular-dark-field (HAADF) experiments
were performed on a probe-corrected FEI Titan 80-200
microscope, operated at 200 kV. A two-dimensional Gaussian
profile fitting to each individual Pb column was used to
determine the lattice parameters from the HAADF-STEM
image.

IV. RESULTS

The domain wall region of the relaxed supercell is shown
in the schematic of Fig. 1. We look at the lattice parameter
variation across the supercell by measuring the Pb-to-Pb
distance along a particular direction. Hence, moving across
the domain wall, we expect a smooth inversion of the a-c
lattice parameters [24] due to the 90° rotation at the wall.
However, from Fig. 2(a) it is seen that this variation is not
smooth at all and it is not symmetric with respect to the plane
of the domain wall. We define the “tail” part as the side of
the domain wall in which the polarization vector is pointing
away from the wall. The “head” refers to the part in which
the polarization is pointing into the domain wall. We observe

FIG. 1. Schematic showing the relaxed supercell of the 90°
domain wall. The large yellow spheres are lead atoms, blue sphere are
titanium, and small red spheres are oxygen. The domain wall plane
is represented by the vertical green region across the middle of the
figure. Black arrows in the figure show the direction of polarization
in each domain. The x, y, and z directions are represented by the
dashed lines on the right.
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FIG. 2. (a) Variation of the lattice parameter across the domain
wall as found in first-principles calculation on PbTiOs. The shaded
green region represents the approximate region of the domain wall
plane, and the black arrows show the general direction of polarization
in each domain. (b) Experimental measurements on PZT 10/90 thin
film. (c) Atom-resolved HAADF-STEM image of a,c domain and
domain wall viewed along [010] direction in 160-nm-thick PZT
10/90 thin film. The red arrows indicate direction of spontaneous
polarization.

a large discontinuity of the lattice parameter variation at the
domain walls; specifically, at the “tail” part of the domain wall
there is a sharp dip in the a-c transition and a sharp peak in
the c-a transition. This leads to a unit cell with large c/a ratio
of 1.11 on the tail side of the domain wall. In comparison, the
left side of the domain wall (i.e., the “head” part) shows a very
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smooth variation of the lattice parameters. Calculations were
also performed for longer supercells (up to 240 atoms) and
shorter supercells (60 atoms) to verify that this discontinuity
is independent of supercell length.

Probe-corrected  scanning  transmission  electron
microscopy (STEM) was used to identify this asymmetry
experimentally. Figure 2(b) shows the lattice parameter
variation across the domain wall measured in PZT 10/90
(10% zirconium and 90% titanium). This material is
tetragonal, having very close lattice parameters to those of the
calculated PbTiO3, as evident by the y axis on both Figs. 2(a)
and 2(b). Comparing with first-principles results, we see a
quantitative and qualitative agreement in the a-c transition
(red circles) and the c-a transition (blue squares). The c/a
ratio of the unit cell (both experimental and first principles) is
presented in Fig. 3. We see that the domain wall is 4-5 unit
cells wide, as predicted in our calculations.

These highly accurate measurements verify the presence
of this asymmetry in the 90° domain wall structure. Stemmer
et al. [24] were the first to observe the structure of the 90°
domain wall in PbTiO3; using conventional high-resolution
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FIG. 3. Variation of the c¢/a ratio across the domain wall as found

in (a) first-principles calculation on PbTiO; and (b) experimental
measurements on PZT 10/90 thin film.
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transmission electron microscopy. However, the accuracy of
such measurements were much lower, and they predicted a
continuous symmetric lattice parameter variation. On closer
inspection of their data points we see hints of this discontinuity
which were verified by our highly accurate STEM measure-
ments.

Although this observation seems surprising at first, reasons
for it become clearer when considering the inherent asym-
metric nature of most ferroelectric interfaces and surfaces.
Consider a ferroelectric thin film with polarization pointing
out of the plane of the film. This positively charged surface
will show the presence of ionic reconstructions to minimize the
bound polarization charge on the surface. Once the polarization
is reversed, the surface will restructure in a completely
different way. This was best illustrated in the recent work
by Saidi et al. [25] on the interaction of polarization with
surface stoichiometry in PbTiO3 and BaTiOs. Indeed, Meyer
and Vanderbilt [23] reported the presence of an electrostatic
potential at 90° domain walls in PbTiO3 due to the breaking
of mirror symmetry across the wall. Zhang and Goddard [26]
obtained a similar asymmetric structure of the 90° domain
wall in BaTiO; using first-principles-based model potentials.
However, they report a much larger size of the domain wall in
BaTiO3; compared to what is observed by us in PbTiOs.

It was of interest to see the effect of strain on this asymmetry
in the 90° domain wall. The supercell was strained in the x,
v, and z directions (for axis refer to Fig. 1). The domain wall
structure was not very sensitive to low strain deformations.
However, as depicted in Fig. 4, we see drastic changes in
the lattice parameter variations across the domain wall in the
presence of larger strains of 2%. We see especially that the c/a
ratio on the tail side of the wall is quite sensitive to strains in the
z direction. Specifically, tensile strain on the z direction leads to
alarger c/a ratio on the tail side of the wall, while compressive
strain of 2% in the z direction leads to a symmetric and smooth
variation of the lattice parameter across the domain wall.

Next, we sought to understand the interaction of these do-
main walls with oxygen vacancies. Hybrid density-functional-
theory calculations on PbTiO; have established the oxygen
vacancy as being doubly positively charged [27] in such
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FIG. 4. Variation of lattice parameter across the domain wall with
2% lattice strains in different directions. The domain structure is
especially sensitive to strains in the z direction.
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FIG. 5. (a) Stability of charged and neutral apical oxygen vacancy
at different positions along the supercell. Yellow circles are lead, red
circles are oxygen, blue circle is titanium, and green square represents
an oxygen vacancy. The energies are plotted with respect to the lowest
energy positions in the supercell. (b) Stability of charged equatorial
oxygen vacancy at different positions along the supercell.

ferroelectric oxides. In this work we mainly look at the
interaction of charged oxygen vacancies with the 90° domain
walls studied above. Due to the tetragonal symmetry of
PbTiO3, there are two types of oxygen vacancies: apical (V)
and equatorial (V). The apical vacancies, located on the
apex of the oxygen octahedra, are known to be energetically
more favorable compared to the equatorial vacancies [27-29]
(located in the equatorial plane of the octahedra). In our
calculations, we calculate the energy difference between the
apical and equatorial position to be 0.40 eV in the bulk.

First, we looked at the stability of both charged and neutral
apical oxygen vacancies at different positions with respect to
the domain wall. The energy landscape is plotted in Fig. 5(a),
and the most stable position of both the charged and neutral
apical oxygen vacancy is depicted in Fig. 6. The ground-state
oxygen vacancy position is not located exactly on the plane
of the domain wall but is in fact located on the adjacent plane
(on the “tail” side of the domain wall). It has been postulated
that oxygen vacancies can stabilize strongly charged tail-to-tail

PHYSICAL REVIEW B 93, 144102 (2016)

FIG. 6. Schematic showing the ground-state positions of the
apical oxygen vacancy (V,,) and equatorial oxygen vacancy (V).
The large yellow spheres are lead atoms, blue sphere are titanium,
small red spheres are oxygen. The domain wall plane is represented by
the vertical green region across the middle of the figure. Black arrows
in the figure show the direction of polarization in each domain.

domain walls [3]. Indeed, from our calculations we observe
that apical oxygen vacancies are more stable on the tail side
of the domain rather than the head side. These results are in
agreement with that of Kitanaka et al. [20] and Xu et al. [21].
Another important point to observe is that both charged
and neutral oxygen vacancies exhibit similar interaction with
the 90° domain wall. This indicates that the attraction of
oxygen vacancies to domain walls is predominantly an elastic
interaction rather than an electrostatic interaction. Therefore
it is very likely that the large c/a ratio on the tail side of the
wall stabilizes the oxygen vacancy. Recent work by Becher
et al. [18] has shown that the formation energy of oxygen
vacancies does indeed depend on the strain. The relative
stability of equatorial oxygen vacancies is shown in Fig. 5(b).
The equatorial oxygen vacancy is also preferably positioned
on the tail side but it does not show as strong a specificity as
the apical oxygen. This is likely due to the fact that equatorial
vacancies do not interact with polarization as strongly as apical
oxygen vacancies [27]. Apical vacancies are even thought
to invert the polarization locally [16,17] due to this strong
interaction.

Note that the ground-state equatorial oxygen vacancy would
prefer to migrate to the apical oxygen vacancy ground-state
position since the energy difference between these two is
calculated by us to be 0.44 eV. As mentioned before, this
energy difference is due to the nondegenerate nature of apical
and equatorial oxygen vacancies in tetragonal oxides. The
movement of the 90° domain wall requires short-range dis-
placement of atoms, while the movement of oxygen vacancies
requires the migration of oxygen atoms. The two processes
have vastly different energy scales. The barrier energy for the
movement of 90° domain wall in the absence of defects [30]
is less than 1 mJ/m? (of the order of few millielectronvolts per
unit cell), while oxygen vacancies have migration activation
energies of up to 0.9 eV [19]. Hence, at low temperatures,

the defects are unlikely to move (or they move slowly) with
respect to the domain wall. Consider a situation in which an
apical oxygen vacancy exists in one domain a few nanometers
from a 90° domain wall. The movement of a domain wall
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FIG. 7. Graph illustrating the pinning of 90° domain walls by
oxygen vacancies. On the right side of the figure the oxygen vacancy
is in the low-energy apical state. Close to the domain wall, on the
tail side (crystal coordinates 0.7), it is in its ground-state position.
If the domain wall continues to move, the vacancy transforms to the
high-energy equatorial state depicted on the left side of the figure.

across the defect will cause it to transform into an energetically
unfavorable equatorial vacancy. Hence it will oppose the
motion of the domain wall towards its direction. We can
capture this situation using first-principles calculations as
depicted in Fig. 7. On the right side of the figure the oxygen
vacancy is in the low-energy apical state. Close to the domain
wall it is in its ground-state position. If the domain wall
continues to move, the vacancy transforms to the high-energy
equatorial state depicted on the left side of the figure. It
prefers to exist in certain domain orientations compared
to others, but it also prefers to exist close to the domain
wall. In other terms, the oxygen vacancy behaves both as a
“random-bond” [30-32] defect and “random-field” [14,33]
defect. A random-field defect has an asymmetric effect on
the ferroelectric electric double well, while the random-bond
defect produces a symmetric modification of the double
well. Based on Fig. 7, we may say there are two pinning
regimes. We start at low temperatures where we define oxygen
vacancies to be randomly distributed, thus behaving purely as

PHYSICAL REVIEW B 93, 144102 (2016)

random-field defects. At higher temperatures and longer time
scales, oxygen vacancies would aggregate close to the domain
wall (the global minimum) and would then also possess
random-bond components, since it would pin the domain wall
from movement in either direction of the interface. Such an
existence of two regimes of pinning was also demonstrated
in the experimental work of Morozov and Damjanovic on
PZT [34].

V. CONCLUSION

In conclusion, we observe a strong structural asymmetry
in 90° domain walls in PbTiO3; highlighting the presence
of a plane of large tetragonality on the tail side of the
domain wall. These results contradict earlier experimental
observations that pointed to a smooth variation of the lattice
parameter in domain walls of PbTiO3 [24]. The plane adjacent
to the domain wall on the tail shows an attractive potential
to both charged and neutral oxygen vacancies, indicating
an elastic interaction between domain walls and oxygen
vacancies. Due to energetically nondegenerate types of oxygen
vacancies, the material is likely to exhibit two types of pinning
depending on the temperature. The presence of aggregated
vacancies at the domain wall may give rise to unique behavior;
conduction due to defect-mediated charge hopping is one of
the phenomena that is thought to occur at certain domain wall
interfaces [35]. Using a combination of temperature, strain,
and directional electric field one may pin domain walls in
specific locations using oxygen vacancies, thus paving a way
for domain-patterned nanodevices. Further calculations on
the electronic properties of this wall are necessary to fully
understand and take advantage of this phenomena.
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