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Abstract

Based on first-principles calculations, we systematically investigated the structural, ferroelectric (FE), energetic and electronic prop-
erties of bended ultrathin PbTiO; and BaTiO; nanobelts in between flat sheet and nanotube configurations. It is found that both PbTiO3
and BaTiOj; ultrathin nanobelts can possess axial antiferrodistortive structural distortion (AFD distortion), and the magnitude of the
AFD rotation angle is obviously determined by the bending curvature of the nanobelts. Meanwhile, spontaneous polarization can be
retained in these single-unit-cell-thick nanobelts with contributions from the axial improper ferroelectricity and the radial flexoelectricity,
which indicates that ultrathin perovskite nanobelts do not have a critical thickness. On the other hand, we found that the AFD distortion
is stable and significant in PbTiO; nanobelts while it is metastable in BaTiO3 nanobelts in comparison with the stable non-AFD structure
without AFD distortion. This is due to the competition between AFD distortion and circumferential lattice extension in releasing the
elastic energy in BaTiO; material. Moreover, we found that the electronic structure and bandgap of the nanobelts can be tuned by
the bending curvature, indicating potential control of transport properties by mechanical bending. Our results gave more insight into
the inherence of improper ferroelectricity in low-dimensional perovskite ferroelectrics.
© 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Perovskite ferroelectrics (ABOj3;) are the most
investigated multifunctional ferroelectrics and have a
number of promising applications [1] including non-
volatile ferroelectric random access memory [2]. Due
to the demand for miniaturization of ferroelectric
devices and the significant novelty of ferroelectricity at
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the nanoscale, low-dimensional perovskite ferroelectrics
have attracted great interest in the field of functional
materials. When the dimensions of perovskite ferroelec-
trics are reduced, size effects arise, including a decrease
in spontaneous polarization, dielectric constant and
Curie temperature as well as the reconstruction of
domain structure. Due to these size effects, low-dimen-
sional perovskite ferroelectrics often present unusual fer-
roelectricity, and can be used as an essential component
to fabricate novel multifunctional ferroelectric
nanodevices.

Among the various low-dimensional perovskite ferro-
electrics, one-dimensional (1-D) ferroelectric nanostruc-
tures have not been much researched compared with
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other nanostructures such as ultrathin films and nanoparti-
cles. This is mainly due to the difficulty in synthesizing 1-D
functional oxides. In the last decade, with the development
of experimental techniques, many 1-D perovskite nano-
structures have been successfully synthesized [3], such as
nanowires [4-7], nanobelts [8] and nanotubes [9-12].
To date, many theoretical investigations on structures,
ferroelectricity and phase transition in 1-D perovskite fer-
roelectrics have been performed [13-21], because there
are many unknown phenomena that need to be explained
and summarized.

In the research and application of low-dimensional fer-
roelectrics, the existence of a ferroelectric critical size is a
very important issue. For a long time, it was commonly
believed that there is a critical size below which the sponta-
neous polarization in nanoscale ferroelectrics would vanish
due to effects of the surface, interface and depolarization
fields [22-25]. However, a critical size does not always exist
in low-dimensional ferroelectrics. For example, studies
have revealed that there is no intrinsic ferroelectric critical
thickness in epitaxial perovskite ultrathin films and ferro-
electric tunnel junctions under certain conditions [26-30].
In recent years, the investigation of improper ferroelectric-
ity [31] has revealed it as a new potential mechanism
explaining the absence ferroelectric critical size in certain
nanoscale ferroelectrics. For example, Shimada et al. [32]
predicted the absence of ferroelectric thickness in PbTiO3
nanotubes due to direct coupling between antiferrodistor-
tive (AFD) rotation of TiOg octahedra and ferroelectric
(FE) structural distortion [32]. This phenomenon (known
as AFD-FE coupling improper ferroelectricity) had also
been found in PbTiO;/SrTiO; artificial superlattices by
Bousquet et al. [33]. Shimada et al. [32] suggested that
the presence of improper ferroelectricity in PbTiO3 nano-
tubes results from the homogeneous compressive strain
induced by the nanotubular structure. However, a coexis-
tence of AFD and FE structural distortions on the
strain-free PbO-terminated surface of bulk PbTiO; was
also reported [34], which implies that the nanotubular
structure is not necessary for the presence of AFD-FE cou-
pling improper ferroelectricity.

In order to further study the AFD structural distortion
and improper ferroelectricity in 1-D perovskites, we have
investigated bent perovskite nanobelts. Unlike nanotubes
which have a fixed and relatively large curvature, nanobelts
can possess variable curvature from zero to large values, i.e.
from flat sheet to nanotube configurations, and therefore the
relationship between AFD distortion and bending curvature
can be reflected more clearly. On the other hand, both
PbTiO; and BaTiO3 nanobelts have simulated investigation
of the effects of ionic radii and chemical properties of differ-
ent elemental species in perovskites. Our purpose is to gain
more insight into the inherence of the interactions between
AFD structural distortion, curvature-induced strain,
ferroelectric polarization and electronic structure of 1-D
perovskite ferroelectric, and explore the essence of the unu-
sual AFD distortion and AFD-FE coupling phenomena.

2. Model and method

In following simulations, we perform density functional
calculations (DFT) within the local density approximation
implemented in the Vienna Ab initio Simulation Package
(VASP) [35,36]. A schematic illustration of the simulated
perovskite nanobelts is shown in Fig. 1a. To be convenient
and clear, we adopt a cylindrical coordinate system
(defined by longitudinal axis z, radial distance p and angu-
lar coordinate ¢) with longitudinal axis parallel to the z
axis of the rectangular coordinate system. The nanobelt is
modeled by bending a single-unit-cell-thick 1-D ABO; flat
sheet around an axis parallel to the z axis (the flat sheet is
infinitely long in the z direction). Within the periodic
boundary conditions (PBCs), to ensure the thickness of
the vacuum layer between periodic images in the x—y direc-
tion is larger than 20 A (most first-principles works have
found that a 20 A thick vacuum layer between periodic
images is sufficient), we place the nanobelt in the center
of a90 A x 90 A x ¢ supercell with ¢ determined by struc-
tural relaxation. A nanobelt with its BO, surface com-
pressed is defined as an up-bending nanobelt, as shown in
Fig. 1b. Conversely, a nanobelt with its AO surface com-
pressed is defined as a down-bending nanobelt, as shown
in Fig. 1c. For simplicity of discussion, we further specify
the curvature of up-bending nanobelts to be positive and
the down-bending nanobelts to be negative. For an infi-
nitely long nanotube, there are two surfaces (the inner
and outer surfaces), while a bent nanobelt has two extra
side surfaces along the ¢ direction (the left and right sur-
faces) as shown in Fig. 1b and c¢. These two surfaces cause
a side surface effect, which tends to reduce the calculated
physical quantities (AFD rotation angle, axial polarization
and radial polarization) in the 2-3 unit cells adjacent to the
side surfaces, as shown in Tables 1 and 2. This side effect
was also demonstrated to play an important role in the
polarization pattern in nanowires [37]. In our simulation,
all nanobelts have a width of 16 ABO; unit cells in the ¢
direction. Meanwhile, to reflect the side surface effect, for
all the calculated physical quantities, an averaging over
the 16 unit cells of the nanobelt is adopted.

We use the projector-augmented wave method for the
electron—ion interactions [38]. The cut-off energy of plane
wave basis is set to 500eV. We adopt a mesh of
1 x 1 x 3 Monkhorst-Pack k-point for k-point sampling
in the Brillouin zone [39]. As our supercell has a huge size
in the x—y direction, a relatively sparse k-point mesh can
help us to avoid unbearably slow self-consistent calcula-
tions. We calculate the polarizations in the z direction of
highly bent nanobelts with the number of k-points in z
direction increased from 1 to 3, and found that the results
are close to Shimada et al.’s results in nanotubes when
k. =3 [32]. Considering that the side surface effect would
reduce the average polarization in a nanobelt relative to a
nanotube, it seems that the 1 x 1 x 3 k-point mesh slightly
overestimates the axial polarization. Nevertheless, we con-
sider that the results are still quite accurate. The structural
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Fig. 1. Schematic illustrations of (a) ABO; flat sheet and the two bent configurations of (b) up-bending nanobelts and (c) down-bending nanobelts.

Table 1

The distribution of calculated AFD rotation angle, axial polarization and radial polarization in the 16 PbTiOj3 unit cells along the ¢ direction of PbTiO3

nanobelts with curvatures of —0.096, 0 and 0.096 AL

PbTiO; nanobelts AFD rotation angle (degrees)

Axial polarization (nC cm™?)

Radial polarization (uC cm™2)

Curvature (A™") —0.096 0 0.096 —0.096 0 0.096 —0.096 0 0.096
Unit cell 1 0.09 9.05 14.53 0.00 1.15 4.46 —1.06 1.37 2.64
Unit cell 2 0.10 10.12 15.60 0.00 1.28 5.10 —1.64 2.07 4.02
Unit cell 3 0.11 10.63 16.11 0.00 1.35 5.36 -2.07 2.61 5.07
Unit cell 4 0.11 10.94 16.42 0.00 1.39 5.51 -2.16 2.73 5.32
Unit cell 5 0.11 11.07 16.55 0.00 1.40 5.58 -2.19 2.74 5.33
Unit cell 6 0.11 11.14 16.62 0.00 1.41 5.61 —2.20 2.76 5.35
Unit cell 7 0.11 11.17 16.63 0.00 1.41 5.63 -2.22 2.78 5.46
Unit cell 8 0.11 11.15 16.65 0.00 1.41 5.62 —2.22 2.80 5.46
Unit cell 9 0.11 11.14 16.62 0.00 1.41 5.61 -2.21 2.79 5.45
Unit cell 10 0.11 11.11 16.61 0.00 1.40 5.60 —2.22 2.80 5.44
Unit cell 11 0.11 11.08 16.56 0.00 1.40 5.58 -2.21 2.80 5.44
Unit cell 12 0.11 10.97 16.45 0.00 1.39 5.53 —2.18 2.75 5.35
Unit cell 13 0.10 10.77 16.25 0.00 1.36 5.42 -2.17 2.72 5.29
Unit cell 14 0.10 10.44 15.92 0.00 1.32 5.27 —2.05 2.56 5.03
Unit cell 15 0.10 10.01 15.49 0.00 1.27 5.04 —1.62 2.05 3.99
Unit cell 16 0.09 9.00 14.47 0.00 1.14 4.53 —1.06 1.34 2.62

relaxation is performed by fixing the x—y coordinates of the
Pb/Ba atoms on the side surfaces of PbTiO3/BaTiO; nano-
belts and freely relaxing all other atoms, this corresponds
to mechanically clamped nanobelts in experiment (i.e.
using two tweezers to grip the Pb/Ba atoms on the side sur-
faces and then bending the nanobelt). All the bent
nanobelts are fully relaxed until all the atomic force com-
ponents (except for the fixed atoms) are smaller than
0.01eV A", In order to obtain the AFD distortion in
the nanobelts via structural relaxation, a tiny rotary

perturbation of TiOs pyramids around the z axis is intro-
duced into the initial nanobelt structure to reduce the
system’s symmetry. Meanwhile, for comparison, we also
simulate the nanobelts without TiOs pyramid rotary per-
turbation, and therefore we get two distinct final optimized
nanobelt structures: (i) the AFD structure (perturbed), in
which the TiOs pyramids rotate to a certain degree; and
(ii)) the non-AFD structure (unperturbed), in which the
TiOs pyramids do not rotate, though the atomic positions
and lattice parameters are still optimized.
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Table 2

The distribution of calculated AFD rotation angle,oaxial polarization and radial polarization in the 16 BaTiO5 unit cells along the ¢ direction of BaTiO3

nanobelts with curvatures of —0.096, 0 and 0.096 A"

BaTiO; nanobelts AFD rotation angle (degrees)

Axial polarization (pC cm™?)

Radial polarization (uC cm™2)

Curvature (A’]) —0.096 0 0.096 —0.096 0 0.096 —0.096 0 0.096
Unit cell 1 0.00 0.15 9.60 0.00 0.00 0.52 —0.31 0.28 1.31
Unit cell 2 0.00 0.31 9.77 0.00 0.00 0.60 —0.52 0.40 1.93
Unit cell 3 0.00 0.46 9.92 0.00 0.00 0.62 —0.63 0.52 2.39
Unit cell 4 0.00 0.52 9.98 0.00 0.00 0.64 —0.69 0.53 2.51
Unit cell 5 0.00 0.55 10.01 0.00 0.00 0.65 —0.66 0.54 2.52
Unit cell 6 0.00 0.56 10.02 0.00 0.00 0.65 —0.67 0.54 2.53
Unit cell 7 0.00 0.56 10.02 0.00 0.00 0.65 —0.67 0.55 2.56
Unit cell 8 0.00 0.57 10.03 0.00 0.00 0.65 —0.71 0.55 2.58
Unit cell 9 0.00 0.57 10.02 0.00 0.00 0.65 —0.68 0.56 2.57
Unit cell 10 0.00 0.56 10.02 0.00 0.00 0.65 —0.70 0.54 2.59
Unit cell 11 0.00 0.56 10.02 0.00 0.00 0.65 —0.70 0.54 2.56
Unit cell 12 0.00 0.56 10.02 0.00 0.00 0.64 —0.69 0.54 2.54
Unit cell 13 0.00 0.52 9.97 0.00 0.00 0.63 —0.68 0.54 2.51
Unit cell 14 0.00 0.56 9.91 0.00 0.00 0.61 —0.66 0.51 2.39
Unit cell 15 0.00 0.30 9.76 0.00 0.00 0.59 —0.48 0.39 1.88
Unit cell 16 0.00 0.13 9.59 0.00 0.00 0.53 —0.31 0.28 1.28

3. Results and discussions

3.1. Stability analysis of AFD structural distortion in
PbTiO3/BaTiO;s nanobelts

In order to illustrate the AFD distortion in the PbTiO3
and BaTiO; nanobelts, the cross-sections of the atomic
structures of AFD PbTiO; and BaTiO; nanobelts with
Kk =0.096 A~' are shown in Fig. 2. The in-plane buckling
of the TiO, surface induced by the periodic clockwise
and counterclockwise rotations of the TiOs pyramids
around the z axis, i.e. the AFD rotation, can be clearly
observed in both PbTiO; and BaTiO; nanobelts, as was
previously reported in ultrathin PbTiO; nanotubes [32].

The total energy per perovskite unit cell of both AFD
and non-AFD nanobelts as a function of nanobelt curva-
ture ¥ = 1/R (where R is the average of the outer and inner
surface radii of the nanobelt) is shown in Fig. 3 (the energy
of the corresponding non-AFD flat sheet is set as the zero
point). From Fig. 3a, it is clear that the total energies of the
AFD and non-AFD structures are almost the same in the
down-bending (x <0) PbTiO; nanobelts, while the total
energy of the AFD structure dramatically decreases below
the non-AFD structure in the up-bending PbTiO;

nanobelts, indicating that AFD distortion plays an impor-
tant role in stabilizing the atomic structure of the up-bend-
ing PbTiO3 nanobelts. Meanwhile, the BaTiO3 nanobelts
exhibit behaviors different to those of the PbTiO; nano-
belts. As shown in Fig. 3b, the total energy of non-AFD
BaTiO; nanobelts is lower than that of AFD nanobelts
irrespective of which direction they bend toward. Analysis
of total energy indicates that the BaTiO3 nanobelt tends
not to undergo AFD distortion, while the PbTiO3; nanobelt
can undergo significant AFD distortion if a compressive
strain is applied to its TiO, surface, i.e. bending it towards
the TiO, surface. Another interesting result worth noting is
that from Fig. 3 it can be seen that while there is a mini-
mum in energy for the PbTiO; up-bending nanobelt, the
energy for the BaTiOz nanobelt keeps decreasing as the
positive curvature increases. Further calculation has been
made to compare the energy of TiOy-outside nanotubes,
nanobelts with a curvature of —0.096 A~!, flat sheets,
nanobelts with a curvature of 0.096 A~' and PbO/BaO-
outside nanotubes of PbTiO; and BaTiOs, as shown in
Table 3. The results indicate that the one-unit-cell-thick
PbTiOs/BaTiO3; nanotubes are more stable than the corre-
sponding nanobelts as the two side surfaces are combined.
The minimum in energy for PbTiO3 up-bending nanobelts

Fig. 2. Cross-sections of AFD distortion in (a) a bent PbTiO; nanobelt and (b) a bent BaTiO5 nanobelt.
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Fig. 3. Total energy per unit cell as a function of curvature in (a) PbTiO3

nanobelt and (b) BaTiO; nanobelt. The total energy of the non-AFD flat
sheet is set to zero.

Table 3
Calculated total energy of nanotubes, nanobelts and flat sheets.

Structures Total energy (eV/cell)
PbTiO; BaTiO;
Nanotube (x = —0.109 :&’1) —34.36 —35.76
Nanobelt (x = —0.096 A™) —35.26 —36.87
Flat sheet . —35.57 —37.18
Nanobelt (x = 0.096 A™") —35.63 —37.37
Nanotube (x = 0.109 A™1) —36.44 —39.30

is most likely results from competition between bending
and AFD distortion (bending would increase the energy
while AFD distortion would decrease the energy), while
the BaTiO; nanobelt simply tends to curl up to form a
BaO-outside nanotube to minimize its energy.

We have seen that AFD distortion in PbTiO3; nanobelts
is energetically favorable, whereas BaTiO; nanobelts tend
not to undergo AFD distortion. To obtain more insight
into these behaviors, the evolutions of relaxation for
AFD PbTiO; and non-AFD BaTiO; nanobelts with
Kk =0.096 A~" are depicted in Fig. 5. We can see that the
preferred relaxation process for PbTiO; nanobelts is a typ-
ical AFD distortion, while it is a circumferential lattice
extension for the BaTiO; nanobelts. Fig. 5a shows that
the presence of AFD rotation in PbTiO3 nanobelts results

from O ions moving toward adjacent Pb ions, which is
most likely due to the strong covalent interaction between
O and Pb ions. Meanwhile, recent research has revealed
that the formation of short covalent Pb—O bonds is an
important mechanism for the presence of the AFD distor-
tion in PbTiO; [34]. Furthermore, it is known that strain
also influences the presence of AFD distortion [32,40].
For our simulated ABO3; nanobelts, a strong compression
of the TiO, atomic layer will lead to the presence of layer
buckling and AFD distortion while tension can weaken it
or make it disappear. As a result, the AFD rotation is
enhanced in up-bending PbTiO3 nanobelts, while in non-
AFD up-bending PbTiO; nanobelts, the AFD rotation is
unstable and the total energy of the system dramatically
increases (see Fig. 2a) relative to that of the AFD nano-
belts. In down-bending PbTiO; nanobelts, the stretching
of TiO, surface results in the weakening of AFD distortion
as expected. However, in BaTiO3 nanobelts, the interaction
between Ba and O ions is weaker than that between Pb and
O ions, leading to difficulty in shortening Ba—O bonds and
forming AFD distortion [41,42]. The bent BaTiO;
nanobelts tend to release strain energy via moving their
atoms outward along the radial direction as shown in
Fig. 5b, which results in a significant extension of the lattice
in the circumferential direction. Although large compres-
sive strain applied to TiO, surface would force BaTiO;
nanobelts to undergo AFD distortion as shown in
Fig. 2b, it is a metastable state as we illustrated above. It
has been reported that there is a weak AFD distortion in
bulk PbTiO; while the bulk BaTiOj; is stable against the
AFD distortion [43]. Importantly, for nanobelts, we
can clearly see that the AFD distortion is significantly
enhanced in the ultrathin PbTiO; nanobelts, whereas the
BaTiO; nanobelts are still stable against the AFD
distortion.

According to previous research [43], the stiffness of the
R-point AFD phonon mode (x® =10°E/0¢*, where ¢ is
the AFD rotation angle) in bulk perovskite material is pro-
portional to the Goldschmidt tolerance factor
t = (ra +70)/[V2(rs +ro)| in many cases [44], where 7,
rg and ro are the radii of the A ion, B ion and O ion,
respectively. The tolerance factor is a characterization of
the mismatch of ionic radii in perovskite. It can be used
to determine the symmetry of the ground state. We suggest
that it should also be helpful in perovskite nanobelts, i.e.
perovskite oxides with small A ions or large B ions such
as CaTiOs3, SrTiO3 and PbZrO;5 are possibly suitable mate-
rials for synthesizing nanobelts with strong AFD distortive
instability, while perovskites which have larger Goldsch-
midt tolerance factors than BaTiO; may not be suitable
for this application. On the other hand, in some perovskites
there are mechanisms other than ionic radii mismatch
determining the structure; these perovskites include
PbTiO; (the lone pair of Pb strongly affects the structure),
LaMnO; (Jahn-Teller distortion forms to lift orbital
degeneracy), etc. As a result, the conclusions derived from
the tolerance factor are not absolute.
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3.2. The influence of nanobelt curvature on AFD structural
distortion

The AFD rotation angle ¢ as a function of nanobelt
curvature k is shown in Fig. 4. Based on the total energy
analysis, a red solid line connects the ¢ of the more stable
structure, i.e. the AFD nanobelt or non-AFD nanobelt.
That is to say, the red line labels the reasonable evolution-
ary path of ¢ as x changes. It can be seen that the AFD
rotation angle of the bent PbTiO3 nanobelt increases with
the increasing positive curvature (up-bending), whereas it
decreases rapidly with the increasing negative curvature
(down-bending). Large AFD distortion can be obtained
in the up-bending PbTiO; nanobelt, with ¢ continuously
increasing to 16° above. Moreover, significant AFD distor-
tion (¢ = 11.1°) is obtained in the PbTiO; flat sheet, which
is consistent with the reported existence of intrinsic AFD
instability in epitaxial PbTiO; thin film [29,45]. The AFD
distortion in the bent BaTiO3z nanobelt exhibits a distinct
behavior, as shown in Fig. 4b. The AFD distortion in the
BaTiO; flat sheet and bent nanobelts with curvature
<0.048 A~! is not obvious (the optimized ¢ in AFD

—_
&
~

| PbTiO, O AFD
PbTiO, ® Non-AFD

—
(@)}

—
S N
T T

AFD Rotation angle ¢ (degree)
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Curvature (f\")
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Fig. 4. AFD rotation angle ¢ as a function of nanobelt curvature in
PbTiO; and BaTiO; nanobelts. The inserts depict the corresponding
bending nanobelts. The positive and negative curvatures represent the up-
bending and down-bending nanobelts, respectively. The red line labels the
¢ of the structure which has the lower energy, i.e. the AFD or non-AFD
nanobelt.

Fig. 5. Evolutions of relaxation for (a) AFD PbTiO; nanobelt with
x=0.096 A~! and (b) non-AFD BaTiO; nanobelt with x =0.096 A"
Hollow circles represent the positions of atoms in the initial structure,
while solid circles represent the positions of atoms in the final optimized
structure. Note that (a) is a typical AFD distortion while (b) is a
circumferential lattice extension.

structure is <4°). On the other hand, a relatively significant
AFD distortion (¢ > 4°) is obtained when « is >0.048 A~,
which is metastable relative to the non-AFD structure (see
Fig. 3b). Therefore it is easier to generate AFD distortion
in PbTiO3; nanobelts than in BaTiO; nanobelts.

3.3. Spontaneous polarization in PbTiO3;/BaTiO;z nanobelts

In the following, we investigate the ferroelectric polari-
zation of the nanobelts. Within the cylindrical coordinate
system, the total polarization of a nanobelt has three com-
ponents: radial polarization (P,), circumferential polariza-
tion (P,) and axial polarization (P.). The polarization is
calculated using P = (1/Q)3",Z: u,, where Q is the volume
of the ABOj; unit cell in the nanobelt, Z; is the Born effec-
tive charge calculated using density functional perturbation
theory (DFPT) method [46] for the atom « in a flat sheet,
and u, is the displacement vector of the atom « in relative
to the paraelectric configuration. The calculated atomic
Born effective charges in PbTiO; and BaTiO; flat sheets
are listed in Tables 4 and 5, and the corresponding values
in bulk materials are also provided. The axial polarization
P_ as a function of curvature for PbTiO; and BaTiO; nano-
belts is shown in Fig. 6a and b, respectively. It can be
clearly seen that P. increases as the AFD rotation angle
¢ increases in both PbTiO; and BaTiO; nanobelts due to
direct AFD-FE coupling. This result is in good agreement
with Ref. [32]. In addition, we found that the PbTiO;
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flat sheet possesses a small non-zero axial polarization,
which is also initiated by AFD distortion, while bent
BaTiO; nanobelts and flat sheets are always unstable with
respect to axial polarization.

The radial polarization P, as a function of curvature for
PbTiO; and BaTiO; nanobelts is shown in Fig. 6¢ and d,
respectively, where positive P, represents a radial polariza-
tion pointing to the AO surface while negative P, repre-
sents a radial polarization pointing to the BO, surface. It
is clear that P, increases as the curvature increases in up-
bending PbTiO; and BaTiO; nanobelts. Meanwhile, P,
decreases and reverses its direction as the curvature
decreases in down-bending PbTiO3 and BaTiO3 nanobelts.

Furthermore, P, of the AFD structures is larger than that
of the non-AFD structures, indicating that the AFD distor-
tion also contributes to the radial polarization. Moreover,
P, of the BaTiO; nanobelt is smaller than that of the
PbTiO5; nanobelt. Theoretically, a bent ABO3; nanobelt
would possess radial flexoelectricity [47,48]. Research into
flexoelectricity is a rapidly developing field and a series of
works have recently revealed its mechanism and discussed
its application [49-53]. From our result, it is clear that P,
tends to reverse its direction as the bending direction of
the nanobelts is reversed, which is consistent with the char-
acteristic of flexoelectricity. The contribution to radial
polarization from flexoelectricity can be expressed as

Table 4
Calculated atomic Born effective charges in bulk material and in a single-unit-cell-thick flat sheet of PbTiOs.
PbTiO; Zpy, Zy Zy, Z5,
. [1.17 0.14 ] [3.25 0.22 T [—0.94 021 ] [—1.87 045 T
Unit cell 1 0.06 0.62 0.04 095 —0.45 004 —0.56
L 3.40 | L 6.77 | L —6.89 | L —2.03 |
[1.81 0.11 ] [3.95 0.20 [—1.20 0.03 [—3.19 —0.05 i
Unit cell 2 0.02 0.54 0.85 —0.45 —0.41
L 3.76 | L 7.66 | L —7.49 | L —2.27 |
[1.96 ] [4.00 | [—1.29 ] [—3.42 i
Unit cell 3-14 0.56 0.85 -0.45 -0.39
L 3.85 L 7.85 | L —7.65 | L —2.31 |
[1.81  —0.11 [3.95 —0.20 [—1.20 —0.03 ] [—3.19 0.05 T
Unit cell 15 -0.02 0.54 0.85 -0.45 —0.41
I 3.76 7.66 —7.49 | I —2.27 |
[1.17  -0.14 [ 325 -0.22 [—0.94 —0.21 ] [—1.87 —0.45 i
Unit cell 16 —0.06 0.62 —0.04 0.95 —0.45 —0.04 —0.56
L 3.40 L 6.77 —6.89 | L —2.03 |
Bulk(cubic, 3.87 A) 3.90 7.57 —6.26 -2.61
Table 5
Calculated atomic Born effective charges in bulk material and in a single-unit-cell-thick flat sheet of BaTiOs.
BaTiO; Zga Z3 Zp, Zy,
Unit cell 1 [1.21 0.31 i [ 3.70 0.44 [—-1.22 —0.11 | [—2.11 031 i
0.08 0.81 —0.11 1.02 —-0.05 -0.52 023 —0.60
L 2.09 | L 7.89 L —7.43 | L —2.29 |
[1.48 0.04 ) [4.54 0.09 [—-1.40 —0.02 | [—3.44 —0.01 )
Unit cell 2 0.01 0.65 0.04 0.95 —0.02 —0.48 —0.42
L 2.80 | I 8.61 L —8.11 | I —2.38 |
[1.61 ] [4.53 [—1.38 ] [—3.66 T
Unit cell 3-14 0.68 0.95 —0.48 —0.40
L 2.85 | L 8.84 L —8.23 | L —2.43 |
[ 148 —0.04 [ 454 —0.09 [—1.40 0.02 i [—3.44 0.01 )
Unit cell 15 —0.01 0.65 —0.04 095 0.02 —0.48 —0.42
L 2.80 L 8.61 —8.11 | L —2.38 |
121 —0.31 [3.70 —0.44 [—1.22  0.11 ] [—2.11 —0.31 T
Unit cell 16 —0.08 0.81 0.11 1.02 0.05 —0.52 -0.23 —0.60
L 2.09 I 7.89 —7.43 | I —2.29 |
Bulk (cubic, 3.94 A) 2.75 7.79 -6.15 -2.18
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Fig. 6. Axial polarization P. as a function of nanobelt curvature in (a) PbTiO; and (b) BaTiO; nanobelts, and the radial polarization P, as functions of
nanobelt curvature in (c) PbTiO; and (d) BaTiO; nanobelts. The red line marks the P. or P, of the nanobelt which has the lower total energy between the
AFD and non-AFD nanobelts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Pl = 1i*(Den /Op), where pu* is the effective flexoelectric
coefficient which is a combination of longitudinal
coefficient and transverse coefficient, and Jg;;/0p is the
transverse strain gradient along the radial direction. Inter-
estingly, we found non-zero spontaneous polarizations per-
pendicular to the surface in both PbTiO3 and BaTiO; flat
sheets (2.5 pC cm ™2 for PbTiO; flat sheet and 0.5 pC cm >
for BaTiO; flat sheet). Both polarizations are an order of
magnitude smaller than that of calculated bulk values
(78.1 nC cm 2 for PbTiO; and 32.0 nC cm 2 for BaTiO5).
Under normal circumstances, an ultrathin flat sheet is unli-
kely to possess an out-of-plane polarization due to the
strong depolarization field. However, as our calculated flat
sheets have asymmetric surfaces, which result in the pres-
ence of a built-in electric field, a small spontaneous radial
polarization can be expected. Such polarization perpendic-
ular to surface was also found to be stable in ferroelectric
nanowires [37]. On the other hand, we found that the
circumferential polarization P, is negligible, in contrast
with the circumferential polarization in nanotubes pre-
dicted in Ref. [32]. This is likely due to our calculated
nanobelts being free from axial stress and strain, while an
axial compressive strain is needed to trigger circumferen-
tial polarization in nanotubes. The circumferential

ferroelectricity obtained in PbTiO; nanotubes by Shimada
et al. is most likely a reflection of the circumferential
piezoelectricity, as the axial compressive strain will result
in the presence of circumferential stretching strain.

In addition to the AFD-FE coupling and flexoelectric-
ity, there is an interesting possibility of coupling between
AFD rotation and strain gradient, which could be termed
flexo-antiferroelectricity. Since the nanobelts we simulated
are one unit cell thick, we cannot study the changes in
the oxygen octahedra rotation angle along the strain gra-
dient direction (i.e. the radial direction), but we expect
that this phenomenon will be very obvious in a thicker
nanobelt. As for the existence of AFD-FE coupling,
the flexo-antiferroelectricity could tune the electronic
polarization, and thus is a new kind of interaction
between strain gradient and polarization that differs from
flexoelectricity. We hope that more works can be imple-
mented and provide more in-depth discussions on this
interesting subject.

3.4. Electronic properties of PbTiO3;/BaTiOs; nanobelts

Finally, we have calculated the electronic properties of
PbTiO5; and BaTiO; nanobelts. The cross-sections of an
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Fig. 7. Cross-sections of charge density contour profile in (a) AFD
PbTiO; nanobelt with x = 0.096 A~ and (b) non-AFD BaTiO; nanobelt
with 1 = 0.096 A~".

AFD PbTiO; nanobelt with x = 0.096 A~" and a non-
AFD BaTiO3; nanobelt with x = 0.096 A" are shown in
Fig. 7. From the picture we can clearly see the different
ionic radii of Pb and Ba ions as well as the different chem-
ical bonding situations in PbTiO; and BaTiO; nanobelts.
The density of states (DOS) of bulk materials, nanobelts
and flat sheets are shown in Fig. 8. Considering the under-
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estimation of band gap within the framework of the LDA
approximation and the relatively sparse k-point mesh we
used, the LDA+U method is employed to improve the
description of ground state electron gas. Following the rec-
ommended values provided in CASTEP, the on-site d-orbi-
tal effective Hubbard U is set to 2.5eV for Ti atoms and
2 eV for Nb atoms. The insulating property of the calcu-
lated materials is found to be properly described under
these parameters. As shown in Fig. §, the bulk materials
have the smallest calculated band gap compared with
low-dimensional structures (E;°" (bulk) =1.70 eV and
EZ*T% (bulk) = 1.68 eV). The band gap is also sensitive
to any change in bending curvature. Specifically, with cur-
vature ranging from —0.096 to 0.096 A~', the PbTiO;
nanobelt band gap increases from 2.71 to 3.52¢V, and
the BaTiO; nanobelt band gap of increases from 1.84 to
3.25eV. These results suggest that ultrathin nanobelts
may possess stronger resistance to electric current leakage
than bulk materials, and the transport properties can be
tuned by altering the nanobelt curvature.

4. Summary and conclusions

We have systematically investigated the structural, fer-
roelectric and energetic properties of bent ultrathin PbTiO5
and BaTiO; nanobelts based on first-principles calcula-
tions. It is found that both PbTiO5; and BaTiO; nanobelts
can possess axial AFD distortion, which will result in an
axial polarization. With contributions from the axial ferro-
electricity triggered by the AFD distortion and the radial
flexoelectricity, spontancous polarization can be retained
in these single-unit-cell-thick nanobelts, which indicates
that these materials do not have a critical thickness. More-
over, we find that the AFD distortion in PbTiO3 nanobelts
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Fig. 8. Calculated density of states (DOS) of bulk material, flat sheet and nanobelt of (a) PbTiO3 and (b) BaTiO3. The corresponding valence band

maximum (VBM) is set as the zero point of energy.
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is stable and significant. In contrast, the non-AFD struc-
ture is stable in BaTiO3; nanobelts where the AFD distor-
tion is metastable. An up-bending PbTiO3; nanobelt tends
to undergo AFD distortion due to the compressive strain
applied to its TiO, interface and the strong interaction
between Pb and O atoms. In contrast, due to the difficulty
in shortening the Ba—O bond, a BaTiO; nanobelt prefers to
release flexural strain energy via the circumferential lattice
extension rather than by AFD reconstruction. Moreover,
the electronic structure and band gap of the nanobelts
can be tuned by adjusting the bending curvature, which
implies that the potential electroresistance effect can be
controlled by mechanical bending. Our calculations pro-
vide insightful results and discussions on improper ferro-
electricity in ultrathin perovskite nanobelts and are
expected to be verified by future theoretical and experimen-
tal investigations.
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