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ABSTRACT ARTICLE HISTORY

This article is devoted to a detailed analysis of the inner structure of Received 8 April 2016
the Ising line, a topological defect separating two parts of a ferroelectric Accepted 20 June 2016
Bloch domain wall with opposite helicity, in the framework of the KEYWORDS
phenomenological  Ginzburg—Landau—Devonshire  model.  Results Ginzburg—Landau—
performed for Ising lines in a (211)-oriented 180-degree domain wall of Devonshire model; phase-
rhombohedral BaTiOs; suggest remarkably strong dependence of the field; BaTiOs; topological
polarization profiles on the form of gradient terms. Profiles of the defects

skyrmion density, vorticity and divergence of the polarization field were

calculated numerically in the few-nm vicinity of the Ising line defect.

1. Introduction

Topological defects play an important role in many areas of physics, ranging from particle physics to
cosmology and liquid crystals science. Domain boundaries belong to the standard examples of such
defects in the field of ferroelectric and ferromagnetic materials.[1] Over the last few years, however,
more and more attention is payed to lower dimensional topological defects in these materials, such
as skyrmion lines, vortex cores, domain-wall junctions or intersections, point like hedgehog defects,
etc. [2—6].

Recently, we have performed phase-field simulations of an interesting object of this type — a line
defect forming a border between two parts of a ferroelectric Bloch domain wall, associated with
opposite signs of helicity.[7] The calculations were performed in the framework of the phenomeno-
logical Ginzburg—Landau—Devonshire (GLD) model, assuming (211)-oriented 180-degree domain
wall in the rhombohedral phase of BaTiO;. Considering an ideal dielectric material described by the
standard set of the coefficients of the Landau energy profiles, the polarization gradient terms and
the lowest-order elastic, electrostrictive and electrostatic interactions in the rhombohedral BaTiO;,
it was possible to estimate that such defect has a form of about 2 nm diameter nanorod with an
unpolarized core. Since the polarization is vanishing in its core, it has been denoted as an Ising line.

These Ising lines are likely to be highly mobile objects, because the 2 nm diameter is sufficiently
large in comparison with the interatomic distances to make the crystal lattice pinning ineffective.
This was actually one of the main obstacles in previous phase-field investigations. The adopted phe-
nomenological model provides only a crude approximation to the real material and uncertainties in
the parameter values imply that predictions are only semi-quantitative results. Nevertheless, basic
properties of Ising lines reported in [7] are robust results, dictated by the dominating in energy
electrostatic interactions.
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The purpose of this paper is to explore in more details the 2—3 nm diameter core of the Ising line,
i.e. the region which can be characterized by topologically protected local anomalies of the differen-
tial quantities like the skyrmion density,[8] vorticity [9] but also the simple divergence. At the same
time, we would like to demonstrate that the geometry of the inner structure of the core of the Ising
line is rather strongly sensitive to the values and to the anisotropy of the polarization gradient
energy term.

2. Bloch walls and Ising lines for different gradient terms

The skyrmion density, vorticity and divergence of the polarization field around the Ising line shown
in this paper were determined for the same model,[10,11] the same parameters [7] and in the same
overall geometry, shown schematically in Figure 1, as previously.[7] The simulation box size was
256 x 256 x 256 or 128 x 256 x 256 sites. The simulation was performed at T = 118 K under
stress-free periodic boundary conditions, spatial discretization step was fixed to 0.25 nm and time
step to 2 fs, and the computer simulation was done using phase-field approach of Ref. [12].

The alternating thick layers shown in Figure 1 are domains with polarization along [111] and
[111] directions, the intermediate thin layers stand for 180-degree Bloch domain boundaries
divided into regions with opposite helicities and opposite components of the internal polarization,
oriented along [011] and [011] crystallographic directions. Let us note that these special directions
are related to the electric and elastic compatibility conditions on the domain walls and Ising lines,
and for the sake of coherence with the previous work,[10] they are associated with auxiliary, symme-
try-adapted Cartesian coordinate system {r, s, t}, also indicated in Figure 1.

From the symmetry point of view, the domain structure is associated with macroscopic symmetry
breaking from m3m to 3m point group (species #186 of Ref.[13]). The Ising wall with s || [211]
direction would have 2/m symmetry (with 2||t), while the symmetry of the Bloch wall reduces to 2.
Finally, the Ising line as an individual object has merely the inversion symmetry. Overall symmetry
lowering implies that the Isinge line may occur in 24 equivalent orientational states (m3m > 1, spe-
cies #211 of Ref. [13]).

The formation of the equidistant parallel 180-degree walls with [211] orientation was facilitated
by the choice of the initial and periodic boundary conditions, but the structure was than fully
relaxed, so that the resulting polarization profiles, the orientation of the Ising lines, etc. can be
viewed as a numerically found stationary solution of three-dimensional (3D) integro-differential
Euler—Lagrange equations of the GLD model under the prescribed periodic boundary conditions.
Moreover, the stability of the structure under small perturbations was tested.[7] Obviously, suffi-
ciently large external electric field eventually switch the structure to the monodomain state.[7]

(a)

r/[111]

X

Figure 1. (a) Schematic illustration of simulated domain structure having Ising lines within 180-degree chiral domain walls. Alter-
nating lamellae correspond to [111] and [111] domain states, respectively. Each domain wall is composed of alternating stripes of
opposite polarization, corresponding to Bloch wall regions with opposite helicities. (b) The polarization distribution within (071)
plane perpendicular to domain wall (P,) polarization component. (c) Symmetry-adapted Cartesian coordinate system.
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Figure 2. P, polarization component distribution obtained for different gradient parameters within (011) plane shown in Figure 1
(b).

Resulting polarization pattern is independent on the coordinate t, and, therefore, it is useful to
inspect the distribution of the polarization within this (011) plane only. In Figure 2, we only show
the distribution of the P, component. The thick stripes with zero values of P, correspond to the bulk
ferroelectric domains. The areas of nonzero P, are concentrated in narrow stripes, representing sec-
tions of the plane by ferroelectric Bloch walls. The sectors with positive or negative P, are shaded.
Tiny unpolarized areas with (P; = 0) in between these sectors are the locations of the Ising lines.

Figure 2(a) is showing the distribution of P, component calculated with the standard model
parameters.[10,11] In comparison, the same calculation is performed with slightly modified values
of the gradient term of the GLD functional, 1 Gijk I?f; %i L The gradient coefficients [10] values are
marked in the figure. It is clear that the proﬁle of the P, component is strongly influenced in the
core area of the Ising line. In particular, the Bloch walls in Figure 2(a) are interrupted roughly along
the lines parallel to the [011] direction, while the Bloch wall in Figure 2(b) are interrupted roughly
along the lines perpendicular to the direction of the wall.

Although the profile of the P, component around the Ising line is strongly sensitive to the gradi-
ent term coefficients, we are not aware of any experimental or theoretical results that would allow us
to appreciate which of the profiles shown in Figure 2 is more similar to the real Ising-line core struc-
ture. As far as we know, the only recent attempt to refine the gradient term was undertaken in Ref.
[14]. Therefore, in the following, we shall rely on the values used in Figure 2(a), estimated originally
in Ref.[11] from inelastic neutron scattering data on soft phonon branch dispersion and used sys-
tematically in a set of subsequent studies.[15—20]

3. Skyrmion density, vorticity and divergence

In order to evaluate the spatial derivatives involved in differential quantities, such as in the skyrmion
density, vorticity and divergence, we have simulated the 3D vectorial profile of the polarization on a
dense mesh with 0.25 nm steps in all cartesian coordinates and then smoothly interpolated the simu-
lated profile by convenient analytic functions. The smoothed profile of the polarization around the
Ising line, denoted by rectangular in Figure 2(a), is shown in Figure 3. The profile can be viewed as
the numerically calculated profile of the Ising line in the continuous limit.

Partial derivatives of this polarization profile allow to evaluate the vorticity field V x P and the
divergence field V - P, all shown in Figure 4. As expected, V - P, related to uncompensated residual
charge, is rather small, while the vorticity is quite pronounced, capturing the curl nature of the Ising
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Figure 3. Profiles of the polarization components in the vicinity of the Ising line.
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Figure 4. (a) Divergence field (V - P) and the components of vorticity field (b) (V x P),, (c) (V x P),, (d) (V x P), in the vicinity of
the Ising line, indicated in Figure 2(a).
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Figure 5. Skyrmion density in the vicinity of the Ising line has a form of skyrmionic dipole.

line. For the sake of completeness, we have also evaluated the skyrmion density [8]
1P P P
q=——-(ar—xas—>, (1)
4r[P| \ [P [P

which measures solid angle covered by the outgoing polarization directions around the defect. As
could be expected from Ising-line symmetry, the overall integral of the skyrmion density is zero,
and even if considered as skyrmionic dipole (see Figure 5), its value is rather small. Due to the obvi-
ous electrostatic reasons, the polarization directions around the defect are avoiding polarization
pointing along the s direction.

Finally, let us note that the helicity Q of a ferroelectric Bloch wall can be formally defined in a
close analogy to the magnetic Bloch wall [21] as

1 o oP
= —— P.— ds. 2
Q= / s 2)

However, for the obvious symmetry reasons, right at the Ising line, this integral is zero.

4. Conclusions

In conclusion, the present analysis gives insight in an inner structure of the interesting topological
defect, predicted to exist within ferroelectric Bloch walls of rhombohedral BaTiO;. We have shown
how strongly it depends on the coefficients of the gradient term. This finding suggests that knowl-
edge of the detailed atomistic structure around such defect, for example from a future ab-initio cal-
culation, could bring a very stringent test for the gradient term values. We have also calculated the
profile of the polarization components and related differential quantities.
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