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The atomic-scale mechanism of domain wall motion in ferroelectrics is commonly accepted to be
nucleation and the movement of steps on the domain walls. Although very important in understand-
ing the mechanism of domain wall motion and domain switching, the detailed atomic structures of
steps have nevertheless been scarcely explored. In this work, the charged steps of these structures
on 180° domain walls in PbTiO; were investigated using first-principles computations. Contrary to
the previous understanding that there is a sudden jump at a step from one atomic plane to an adja-
cent plane, our computation results suggest that it is actually a gradual transition and the actual
steps lie at atomic planes with the approximate Miller indices (3 0 1). A large polarization rotation
was found around the steps, making the polarization distribution Ising—Néel-like. The barriers for
the motion of steps along domain walls were found to be much lower than those for which the
domain wall is moving as a whole. These findings provide valuable information for further investi-
gations of the domain switching mechanism at the atomic scale. © 2017 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY)

license (http://creativecommons.orgllicenses/by/4.0/). [http://dx.doi.org/10.1063/1.4997461]

I. INTRODUCTION

Ferroelectric perovskites including BaTiO;, PbTiOs,
and Pb(Zr,,Ti; )O3, have been widely studied in recent
years because of their fascinating potential application in
many ferroelectric devices, such as ferroelectric random
access memories."? It is known that the switching mecha-
nism of the ferroelectric polarization, which essentially
determines the performance of ferroelectric devices, is based
on the movement of ferroelectric domain walls (DWs).>™®
Steps on the DWs play an important role in the mechanism
underlying the DW motion with several switching models
being proposed.’”® Miller and Weinreich’ suggested that the
motion of 180° DWs in BaTiOj; results from the repeated
nucleation along existing parent DWs of triangular steps of
one lattice-constant thickness. With no consideration of the
atomic-scale structure of the steps, however, the sharp steps
of this model result in nucleation energies much higher than
the experimental results.'® Recently, Shin et al.® demon-
strated that a model with diffused steps does effectively
decrease the nucleation energy yielding better agreement
with experimental results than sharp steps.®

An atomic-scale analysis of steps would be beneficial in
exploring further the switching mechanism of ferroelectrics as
currently there are very few results regarding experimental
and theoretical aspects. Using the aberration-corrected trans-
mission electron microscope, Jia et al.'' observed charged
steps on (110)-oriented 180° DWs in Pb(Zry,Tigg)O3 (PZT)
but the step structure had not been detailed. Recently, De
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Luca et al.'? reported a mixed Ising—Néel-type rotation of
polarization across inclined 180° DWs in PZT, although the
role of charged steps on inclined 180° DWs was not directly
addressed. From a theoretical perspective, Angoshtari and
Yavari'® described anharmonic lattice static simulations of
neutral steps on (100)-oriented 180° DWs in PbTiO3 (PTO),
comparing results with those with no charged steps. Indeed,
charged steps are not stable in the remnant state because of a
depolarization field induced by bound charges at the steps.
However, charged steps are commonly observed in improper
ferroelectric systems'* because the electric polarization is sub-
ordinate to some higher level order parameters. Therefore, the
induced depolarization field in typical ferroelectrics may play
a more important role in stabilizing the polarization than in
improper ferroelectrics.

As is well known, first-principles computation is one
effective method for atomic-scale studies. The atomic
structures, polarization characters, and energies of various
DWs in many ferroelectric perovskites have been well scru-
tinized using this method.">™** With few first-principles
studies on charged steps on ferroelectric DWs, we under-
take in this work first-principles computations to investigate
charged steps in tetragonal PTO. There are two types of
DWs in PTO, namely, 180° and 90° DWs. The former can
be regarded as a boundary between two domains with oppo-
sitely oriented polarizations; the charged step on this
boundary is our main topic of interest. We provide not only
detailed atomic structures of the charged steps, but also
give the barriers for the step motion. These results may
shed light on understanding of the atomic-scale mechanism
underlying polarization switching.

© Author(s) 2017.
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Il. CALCULATION METHODS

Our density functional theory (DFT) calculations™ were
performed using the local density approximation®* with the
projector-augmented-wave method*>* in the Vienna ab ini-
tio simulation package.”’® The valence electrons are
assumed to be Pb 5d'%6s*6p>, Ti 35°3p°3d*4s”, and O 2s°2p*
in the isolated atom form. An energy cutoff of 500eV and a
Gaussian smearing of 0.1 eV were used for all computations.
The conjugate-gradient method was used for the structural
optimization; convergence was deemed satisfied when all
Hellmann—Feynman forces were less than 10 meV/A.

The fully relaxed structure of the bulk PTO tetragonal
phase (P4mm) with ag=3.867A and colag=1.043 was
applied in all the following supercells. In our DFT calcula-
tions, a series of X x 1 x Z supercells (X =8, 10, 12, 14, and
16 and Z=2, 4, 6, 8, and 10) were configured for the one-lat-
tice-constant-thick charged steps on the (1 0 0)-oriented 180°
DWs. Brillouin-zone integrations were performed with
6x6x6,1x6x3 and 1x6x1 Monkhorst—Pack k-point
meshes?® for the bulk, the X x 1 x 2 supercells, and the
X x 1 x Z supercells (Z=4, 6, 8, and 10), respectively. The
initial structures of the steps in the 10 x 1 x 4 supercell are
depicted (Fig. 1). The basis vectors of the supercell are along
the [1 0 0], [0 1 0], and [1 O 4] directions, respectively.
Similar to previous studies,ls’16 we chose the PbO atomic
planes as DWs (blue lines in Fig. 1). The PbO-centered (1 0
0) 180° DWs were demonstrated to be the most stable.'® We
considered two step planes, that for PbO and for TiO, (red
lines). The models for both planes were further classified as
head-to-head (h-) and tail-to-tail (t-) according to the config-
urations of local polarizations across the steps (black
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FIG. 1. 10 x 1 x 4 supercells of (a) the PbO (0 0 1) steps and (b) TiO, (001)
steps on the PbO (1 0 0) DWs. The blue and red lines, and black arrows indi-
cate (1 0 0) DWs, (0 0 1) steps, and polarization directions, respectively.
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arrows). The four step models that arise are labeled h-PbO,
h-TiO,, t-PbO, and t-TiO,.

To distinguish the polarization distribution clearly, we
introduced indices i and j to mark the unit cells along the
[100] and [0 O 1] directions (Fig. 1). The polarization of the
unit cell ij was calculated using

e * 1
o D W, (1)

where e, Q., w,, Z,*, and uz’:’ denote, respectively, the elec-
tron charge, the volume of a unit cell, the weight factor, the
Born effective charge, and the relative displacement from
the centrosymmetric position of the o ion (Pb, Ti, or O) in
the unit cell ij. For the supercells containing PbO and TiO,
steps, two types of unit cells (Ti-centered and O-centered)
are adopted to calculate the polarizations.

P/ =

lll. RESULTS AND DISCUSSION
A. Extension of steps normal to DW planes

The distributions of P,” and P."—the polarization com-

supercells (X =8, 10, 12, 14, and 16) were analyzed to deter-
mine the appropriate value of X that successfully describes
the polarization distributions around the steps. From the dis-
tributions of P.” and P.” for j=2 in the X x 1 x 4 supercells
with the PbO (0 0 1) step model [Fig. 2(a)] we find that the
magnitude of P.” converges to 83 uC/cm?, the value in the
bulk, as the distance from the DWs increases to about 2 unit
cells. This implies that X = 8 is sufficient to describe the dis-
tribution of P.”. As head-to-head and tail-to-tail steps appear
in pairs in a single supercell, there should be an electric
potential difference between the two steps,®* which is why
non-zero P, components are present there. For unit cells
sufficiently far away from the steps, the P,” components
should converge to zero. The P.” components around the
steps are almost the same for the different models, especially
for models with X > 10 [Fig. 2(b)]. However, the magnitude
of P,/ away from the steps does not converge to zero, even
for the X =16 model. In a compromise between precision
and computational expense, we chose the X = 12 models by
fixing one half of the models and relaxing the atoms in the
other half. The polarization distributions of both P.” and P.”
around the steps in the locally fixed models are nearly the
same as the fully relaxed models, which justified the effec-
tiveness of our locally fixed models. The details are given in
Secs. III B and III C.

B. Extension of steps along DW planes

To determine the extension of the steps along the DW
planes, the specific positions of the DWs were determined in a
nonlinear fitting. In each step model, we separated the unit
cells into several groups according to index j. Within each
group, we fitted P.” to the one-dimensional solution of the
180° DW from the sixth-order Landau—Ginzburg—Devonshire
theory>*!



J. Appl. Phys. 122, 054101 (2017)

FIG. 2. (a) P.” and (b) P,” distribu-
tions for j=2 in the X x 1 x 4 super-

cells (X =8, 10, 12, 14, and 16) of the
PbO (0 0 1) step model.
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where PZ0 and ¢ denote the magnitude of polarization in the
bulk and the half width of the DW; position x is where the fit-
ting curve crosses the zero line and is taken as the specific posi-
tion of the DW. The fitted model has proved to work well in
describing the relationship between the polarization distribution
and the DW position in many perovskite materials.'!%-3*3!
Figure 3 shows the fitted results for the h-PbO steps. We
systematically changed the supercell size from 12 x 1 x 2 to
12x1x8. Only the 12x1x8 supercell successfully
describes the step structure—a locally curved DW; otherwise
we can only obtain sloping DWs (needed for discussions in
Sec. I C) in small supercells, such as the 12 x 1 x 2 and
12 x 1 x 4. In the 12 x 1 x 8 supercell, the curved DW dis-
tributed over groups j from 2 to 7, whereas the DW positions
still conform to PbO (1 0 0) atomic planes in groups that j
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FIG. 3. Polarization profiles of the h-PbO model in the 12x 1 x2 (a),
12x 1 x4 (b), 12x1x6(c), and 12 x 1 x 8 (d) supercells. The black vec-
tors indicate PZ’:’; the red and blue lines trace the fitted curves and DWs,
respectively.

Distance (unit cell)

from 1 and 8; this means the periodic images of steps have
been separated. Similar fitted results were also found in other
types of step models. Both the head-to-head steps may be
described by 12 x 1 x 8 supercells, whereas we have to use
12 x 1 x 10 supercells to describe the two tail-to-tail steps.
Therefore, in the following, the 12 x 1 x 10 supercells were
used to study the detailed atomic structures of steps.

Using the fitted results of the four step structures (Fig. 4),
the tangent planes for the curved DWs across the centers
of the steps were determined (green lines). The values of
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FIG. 4. Polarization profiles of the (a) h-PbO, (b) h-TiO,, (c) t-PbO, and (d) t-
TiO, step models. The results of the 12 x 1 x 10 supercells (only the relaxed
areas) are shown. The green lines mark the tangent plane of each step.
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TABLE I. Cotangent values of the angle « for the four step models.

Initial structure h-PbO h-TiO, t-PbO t-TiO,

cot(or) 2.51 2.61 2.76 2.99

cot(o) are listed in Table I, where o denotes the angle
between the tangent plane and the (1 0 0) DW [Fig. 4(a)].
All the values range from 2.5 to 3, indicating that the vertical
extension of the step is about 3 unit cells. Moreover, the ver-
tical extensions of the tail-to-tail steps are larger than those
of the head-to-head steps.

Because all the steps are deflected from their initial (0 0
1) planes, the designations h-PbO, h-TiO,, t-PbO, and t-TiO,
are no longer accurate. The crystallographic planes of the
steps must be reassigned (Fig. 5). From the values of cot(ox)
in Table I, the crystallographic planes are approximately (3 0
1) with the atomic configuration of O, or PbTiO, (red dashed
lines in Fig. 5). Hence the step models are relabeled as h-O,
(301),h-PbTiO (30 1),t-0, (30 1), and t-PbTiO (30 1).

C. Polarization rotation around steps

Besides the slope characteristics, we also found a signifi-
cant polarization rotation around the steps. The distributions
of P for the four step models are displayed using color-
scaled maps (Fig. 6). The angle of 07 of PY relative to the [0
0 1] direction is calculated from

. i
0V = arctan Pi‘i . 3)
P

z

In all four structures, a Néel-like rotation of the polarization
emerges around the steps, making the polarization distribu-
tion Ising—Néel-like.

The Ising—Néel-like characteristic around the steps
emerges locally over a vertical range of 4c,. However, De
Luca er al.'? reported that the entire inclined 180° DW in
PZT is of Ising—Néel-type. In their work, the 180° DW is
inclined by about 17°, signifying that the averaged vertical

e Pb e Ti O Step edge
()
6 s . *
5 s o [
n\ A - -
4 8 ° ®
3 s ] *
3 4 5
i i
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distance between steps on the DW is about 3¢(. According to
our results of Sec. III B, the steps are connected to each other
in this case. Therefore the Ising—Néel-like character extends
over the entire inclined DW in their work.

The polarization rotation can be further understood
using a bound charge analysis. The bound charge is calcu-
lated using®?

pbound = _V- P, (4)
which simplifies to p?ud = — % — % in this work. Figure

7 shows the bound charge density distributions of the four
steps. Each step exhibits a sandwich-like distribution for the
bound charges along the [100] direction. For the head-to-
head steps [Figs. 7(a) and 7(b)], the major positive charges
accumulate at the center (i =0), whereas the minor negative
charges accumulate in the two unit cells nearby (i= *1).
Taking the h-O, (3 0 1) model as an example [Fig. 7(a)], the
maximum (positive center) and minimum (negative center)
charge densities are 2.8 x 103C/m® and —1.3 x 103 C/m>,
respectively. For the tail-to-tail steps, the distributions of
positive and negative charges are just the opposite [Figs. 7(c)
and 7(d)]. The presence of bound charges may induce a
redistribution of charged species, such as electrons and
holes,**** making the charged steps conductive. It has been
reported that, from the flexoelectric effect, Néel-like polar-
izations are also present around the (1 0 0) 180° DWs.>* The
extremum of the induced bound charge density at the Néel-
like (1 0 0) 180° DWs™ is 1.5 x 10’ C/m>, about one order
of magnitude smaller than those at the step centers. Thus, the
conductivity of the charged steps should be much larger than
that of the Néel-like (1 0 0) 180° DWs.

In addition, we note that the PbTiO (3 0 1) steps have
smaller bound charge densities at the step centers than those
of O, (3 0 1); see Table II. Moreover, the PbTiO (3 0 1)
steps have a smaller angle o, and hence longer extensions of
the steps along the DW planes than those of O, (3 0 1).
Therefore the bound charges diminish in number as the angle
« decreases, in agreement with previous work.***

FIG. 5. Approximate crystallographic planes of the (a) h-O, (3 0 1), (b) h-PbTiO (3 0 1), (c) t-O, (3 0 1), and (d) t-PbTiO (3 0 1) step models. The black, blue,

and red dots mark the positions of atoms Pb, Ti, and O, respectively, around steps.
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To explain the formation of the sandwich-like distribu-
tions along the [1 O O] direction, the contributions from P,
and P, are separately plotted for the h-O, (3 0 1) step as an
example (Fig. 8). The contributions highlight the role of the
Néel-like polarizations to the bound charge. The h-O, (30 1)
step without the Néel-like polarization distribution has a
high positive bound charge density (pmax=7.4 % 10° C/m?),
which would induce a local depolarization field creating a
tail-to-tail P, distribution and hence a Néel-like polarization
distribution. In contrast, a Néel-like polarization distribution
induces negative bound charges (o, = —4.5 X 10® C/m?),
which would in turn greatly reduce the positive bound
charges at the step. Because the negative bound charges are
more dispersive than the positive ones in the normal direc-
tion, the distribution of the bound charges in total is sand-
wich-like.

D. Energies of steps and barriers for their motion

In this section, we discuss the energy of the steps based
on the calculated energies. In an approximation, we treated
the 180° DW with a step ina 12 x 1 x 10 supercell as a com-
bination of a (3 0 1) DW and an ideal PbO-centered (1 0 0)

J. Appl. Phys. 122, 054101 (2017)
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DW, the areas of which are about S; = a4/ ag + (360)2 and
8> =Tagco, respectively. Therefore, the averaged energy of a
pair of (3 0 1) DWs can be calculated from

I ~ Eon — Bk — 25:Eqw2
dwl — 2S1

) &)

where E,; denotes the energy of a 12 x 1 x 10 supercell
with two steps on the DWs, Ey,c denotes the energy of an
equivalent supercell without steps or DWs, and Egy, denotes
the energy of formation of the ideal PbO-centered (1 0 0)
DW. The latter is calculated using
Etorz — Ebui

Eqwa = 7S ; (6)
where E,, denotes the energy of a 12 x 1 x 10 supercell with
two ideal PbO-centered (1 0 0) DWs and S = 10agc, is the
area of the (1 0 0) DW. Table III lists the calculated energies
of different DWs. Note that the averaged energy of the steps

TABLE II. Angle o and corresponding extremum of the bound charge den-
sity at step centers.

Step h-O,(301) h-PbTiIO(301) t-0,(301) t-PbTiO(301)
o (degree) 21.7 21.0 19.9 18.5
p (108C/m?) 2.8 22 -2.8 —2.6
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FIG. 8. Bound charge density maps of the h-O, (3 0 1) step decomposed
with respect to contributions from (a) P, and (b) P,. The density unit is
10%C/m’.

is obviously larger than the energies of both the 180° and 90°
DWs. The energy difference Eqep =FEdwi — Eqwz =20 mJ/m’
can be considered as the energy for the formation of a pair of
steps on the parent 180° (1 0 0) DW.

The step motion might be considered as the alternating
appearance of the two step models, O, (3 0 1) and PbTiO
(3 0 1). The barriers for the step motion can then be calcu-
lated from the energy difference between the two step mod-
els, similar to the calculation of barriers for the motion of an
ideal DW.'® The barrier for the motion of the tail-to-tail step
can also be expressed as the energy difference between the t-
0, (30 1) and t-PbTiO (3 0 1) models, yielding

_ |Et0[(h—PbT10) - Et()t (h—02)|
de 7

AE} (N

and

_ |E(t-PBTIO) — Eir(1-05)|

AE
h de )

®)

where E,, denotes the total energy of the corresponding
supercells and Sy, indicates the area of the DW moved,
which is equal to ayc( according to the following analysis.
Because the continual motion of the steps on the DWs
produces the motion of the DW,”~? the motion of a step can
be equivalently regarded as the motion of a DW segment.
The step motion from one h-O, (3 0 1) plane to an adjacent
plane [green arrow in Fig. 9(a)] is equivalent to the motion
of a DW segment with a vertical length of ¢y from one PbO
(1 0 0) plane to an adjacent plane (black arrow), which ena-
bles the energy barriers of the step motion and the DW
motion to be compared [Fig. 9(b)]. The switched volumes
are exactly the same; both are ay’co. The barrier for the DW

TABLE III. Calculated energies of different DWs with results from previous
work.

Structure  180° (301) DW  180° (100) DW  180° (100) DW'® 90°DW!¢

E (mJ/m?) 145 125 128 35
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(b){} ..... I.ﬁ

FIG. 9. Schematics of the motion of (a) the head-to-head step and (b) the
ideal 180° DW. The dash and solid lines mark the initial and final positions
and the dotted arrows indicate the direction of movement of the DWs (black)
and steps (green), respectively. The white-on-blue arrows denote the direc-
tion of P..

motion for the (1 0 0)-oriented 180° DWs in PTO can be cal-
culated from

_ |E(PbO) — Eia(TiO,)|

AEqg,
¢ 2Saw

€)

The appearance of the factor 2 in the denominator reflects
the fact that we actually consider instances of the simulta-
neous motion of two DWs in a supercell'® by comparing the
total energies of the two models. In each step model, one
step is fixed and the other is moved, thus only Sq,, appears in
Eqgs. (7) and (8). As a consequence, barriers AE, =3 mJ/m>
and AE,=2 mJ/m’> were obtained. Both AE, and AE, are
much smaller than the barrier AEg, =37 mJ/m? for the
motion of the ideal (100) 180° DW,' in good agreement
with the previous theory that the motion of the 180° DWs
proceeds with the continual motion of steps on the DWs than
moving the entire 180° DW. Compared with the energy for
the formation of a pair of steps on the parent 180° (1 0 0)
DW (about 20 mJ/m?), the barriers for the step motion are
much lower. That is, the formation of the charged (3 0 1)
step on the (1 0 0) DW is the controlling process of the DW
motion. Once an electric field is strong enough to form a
charged (3 0 1) step on the (1 0 0) DW, the step is able to
move easily.

IV. CONCLUSIONS

Using first-principles calculations, we systematically
studied the structures and polarization distributions of the
head-to-head and tail-to-tail charged steps on the (100)-ori-
ented 180° DWs in PTO and calculated the barriers for the
motion of the steps. Our main conclusions are

(1) The head-to-head and tail-to-tail steps both slope and
have approximate Miller indices (3 0 1).
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(2) The polarization distribution around the charged steps is
Ising—Néel-like. The significant Néel-like rotation of the
polarization is induced by the bound charges at the steps;
the polarization rotation in turn greatly reduces the
bound charge.

(3) The calculated barriers for the step motions along the
DWs are much smaller than those for the motion of the
180° DWs as a whole, which implies the step motions on
the DW are the dominant factor in the motion of DWs.
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