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Chiral selectivity of improper ferroelectricity in single-wall PbTiO3 nanotubes
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Full density functional theory calculations successfully demonstrate that a remarkable spontaneous polarization
can stably exist in extremely thin PbTiO3 single-wall nanotubes (PTO-SWNTs) folded from (110) nanosheets
with a specific chirality of (m, 0), whereas ferroelectricity is absent from nanotubes with other chiralities and
from the unfolded thin films. In other words, there is chiral selectivity of ferroelectricity. The chirality of the
ferroelectric (FE) nanotubes plays a variety of significant roles in (i) the stabilization of a low-energy single-wall
tubular structure, (ii) the emergence of antiferrodistortive (AFD) distortion hidden in the PbTiO3 bulk, and
(iii) the strong coupling between FE and emergent AFD distortions. The direct FE-AFD coupling stabilizes the
remarkable FE distortion in these ultrathin nanotubes through tilting of oxygen octahedra, suggesting improper
ferroelectricity. The existence of a large spontaneous polarization suggests that PTO-SWNTs hold promise for
applications in advanced sensors and nanoscale energy-harvesting devices.
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I. INTRODUCTION

Ferroelectric (FE) nanotubes have attracted considerable
attention because of their fascinating physical properties
and promising technological applications in ultrahigh density
memory [1], energy-harvesting devices, and advanced sen-
sors [2,3]. The interest in tubular nanostructures comes from
the idea that exotic phenomena may emerge due to the effects
of chirality (or rolling direction) and curvature [4,5]. On the
other hand, the continuous development of ultrahigh density
memory and the miniaturization of piezoelectric devices call
for a decrease in the size of FE components with no loss
of ferroelectricity. This has led to extensive experimental
efforts toward the fabrication of ABO3-type perovskite FE
nanotubes via various chemical and physical methods [6–11]
as well as theoretical investigation of their unusual physical
properties [5,12–15].

Ferroelectricity in perovskite crystals is a collective phe-
nomenon that involves a delicate balance between long-
range Coulomb and short-range covalent interactions. Due to
depolarization and surface effects, FE distortion in FE thin
films usually degrades or even vanishes with decreasing size
[16–18]. For PbTiO3 thin films grown on SrTiO3 substrates,
FE distortion disappears when the thickness decreases below
a critical thickness of two unit cells [17]. In contrast with thin
films, free-standing ultrathin PbTiO3 nanotubes folded from
(100) nanosheets undergo spontaneous polarization, despite
their sidewalls being thinner than the critical thickness of the
thin films [5]. The presence of spontaneous polarization in
these ultrathin nanotubes suggests that tube curvature plays
a crucial role in the stability of FE distortion. However, the
spontaneous polarization in the (100) PbTiO3 nanotube is an
order of magnitude weaker than that of its bulk counterpart,
which limits device performance.
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Due to structural asymmetry, the physical properties of
perovskite nanotubes are also dependent on the rolling
direction and cutting surface of the prototype nanosheets.
The rolling direction of a nanotube, described by a chirality
vector, usually gives rise to a variety of novel properties and
functionalities. For example, a slight difference in rolling
direction causes a shift from a metallic to a semiconducting
state in carbon nanotubes [19]. An unusual noncollinear
helimagnetism appears in iron nanotubes for two specific
rolling directions [20]. Recently, first-principles calculations
predicted that the most energetically favorable SrTiO3 single-
wall nanotubes are folded from (110) SrTiO3 nanosheets with
a specific rolling direction of (m, 0) [4], indicating that the
stability of perovskite nanotubes is chirality dependent. At
room temperature, SrTiO3 has a cubic structure without spon-
taneous polarization. Nevertheless, SrTiO3 is an incipient FE
and has the same crystalline structure as paraelectric PbTiO3.
Therefore, the stability of FE PbTiO3 single-wall nanotubes
(PTO-SWNTs) should depend on the rolling direction. In
particular, FE PbTiO3 has different physical properties from
dielectric SrTiO3, so the rolling direction may lead to unusual
FE distortion in PTO-SWNTs folded from (110) nanosheets.

This paper investigates from first principles the energetic,
structural, and FE properties of FE PTO-SWNTs folded from
(110) nanosheets with different rolling directions. Based on
density functional theory (DFT) calculations, we demonstrate
that a remarkable spontaneous polarization, comparable to
the bulk value, can stably exist in (110) PTO-SWNTs with
a specific rolling direction of (m, 0). Furthermore, the
chirality-dependent spontaneous polarization in PTO-SWNTs
is shown to involve an intriguing interplay of couplings among
antiferrodistortive (AFD), FE, and strain degrees of freedom.

II. SIMULATION METHOD AND MODELS

Calculations based on DFT were performed using
the VASP program code [21]. Within the local density
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FIG. 1. (Color online) The primitive cell of stoichiometric nanosheet cut from PbTiO3 bulk. (a) The cutting surface is a (110) plane in
the tetragonal unit cell. (b) A primitive cell to form the nanosheets. (c) Projection of atoms of the primitive cell on (1̄10) plane. The initial
spontaneous polarization P0 is along [100] direction in the tetragonal unit cell.

approximation, electron-ion interactions are described by
projector-augmented wave potentials that explicitly include
the valence electrons of 5d, 6s, and 6p for Pb; 3s, 3p, 3d,
and 4s for Ti; and 2s and 2p for O [22,23]. The electronic
wavefunctions are expanded in plane waves up to a cut-off
energy of 500 eV. The conjugate-gradient algorithm is used
in the present computational scheme to relax the ions until
the force on each atom is less than 0.1 eV/nm [24]. Brillouin
zone integration is sampled using a 1 × 1 × 6 Monkhorst-Pack
k-point mesh [25]. Within the supercell approach, a 20-Å-thick
vacuum layer is introduced in the direction perpendicular to
the tube axis in order to avoid undesirable interactions from
neighboring tubes.

The nanotubes are modeled by rolling up stoichiometric
nanosheets, which are obtained by cutting bulk PbTiO3 along
two parallel (110) planes. Figure 1 shows a schematic of the
cutting surfaces in a prototype unit cell and the corresponding
primitive cell for forming nanosheets, in which the initial spon-
taneous polarization is along the [100] direction. The relative
displacements between oxygen and titanium ions in the [100]
direction are decomposed into [110] and [1̄10] directions,
which give rise to equivalent polarization components in these
two directions. The primitive cell includes only two atomic
layers in the thickness direction ([1̄10]), which is thinner than
the FE critical thickness of the thin film [17]. Figure 2(a) shows
the overall arrangement of atoms in the nanosheet formed by
repeating the primitive cell shown in Fig. 1(c). In the present
study, (110) PTO-SWNTs were constructed by rolling up the
nanosheets in different directions. The rolling-up direction of
the PTO-SWNTs is uniquely represented by the chiral vector
Cv = ma + nb ≡ (m,n), where a and b denote the primitive
translation cell vectors of the tetragonal lattice, as shown
in Fig. 2(a). In general, the nanotube can be folded in any
arbitrary direction (m, n) for sheets with square or hexagonal
2D lattices. Due to the limitation of translational symmetry,
only two rolling directions, (m, 0) and (0, n), are possible
for the present rectangular lattice [26–28]. Therefore, we only
consider nanotubes rolled in the (m, 0) and (0, n) directions,
as shown in Fig. 2(b). According to the (110) cutting mode,
Pb, Ti, and one O atom are present in one layer, whereas the
other two O atoms exist in another layer. Depending on the

choice of the outer layer, two differently terminated nanotubes
are possible for each rolling direction: PbTiO-out and O-out
nanotubes.
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FIG. 2. (Color online) (a) The overall arrangement of atoms in
the nanosheets formed by repeating the primitive cell of Fig. 1(c).
The (110) PbTiO3 single-wall nanotubes are constructed by rolling
up the nanosheets with different chiralities. (b) The cross-sectional
and side views of nanotubes with the chiralities of Cv = (m, 0) and
Cv = (0, n).
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FIG. 3. (Color online) The curvature dependence of total energy in the PTO-SWNTs with different chiralities (a) Cv = (m, 0) and (b) Cv =
(0, n). The curvature dependence of spontaneous polarization and titling angle of oxygen octahedra in the nanotubes with different chiralities,
(c) Cv = (m, 0) and (d) Cv = (0, n). The total energy of PTO-SWNTs is at a minimum at 1/R = 0.097 Å−1 (m = 18), where the polarization
is 42.42 μC/cm2.

III. RESULTS AND DISCUSSIONS

The structural asymmetry of the two sides of the nanosheet
is the main driving force for the folding of nanosheets into
nanotubes. The curvature of a nanotube plays an important
role in the stability of its tubular structure [4,5]. To fully
understand the effect of curvature on the stability of the
PTO-SWNTs, we systematically investigated the energetic
properties of nanotubes with a wide range of radii. Figure 3(a)
shows the dependence of total energy on the curvature 1/R

of the nanotubes with a rolling direction of (m, 0), where
the radius R is the average of the outer and inner radii,
R = (Rout + Rin)/2. The total energy of the flat thin film is set
to zero as a reference state. Positive and negative curvatures
correspond to PbTiO-out and O-out nanotubes, respectively.
The curvature of the nanotubes induces a bending deformation
in the tube wall, in which the outer shell experiences tension
while the inner layer is under compression. For the PbTiO-out
nanotubes, there are more atoms in the outer shell than in
the inner one, so there is less chance for the atoms to move
and reduce the deformation energy. As a result, the total
energy for PbTiO-out nanotubes is higher than that for the thin
films, suggesting that the PbTiO-out nanotubes are unstable.
Furthermore, the total energy monotonically decreases with
decreasing curvature for PbTiO-out PTO-SWNTs. Similar
results were predicted for (110) SrTiO3 SWNTs [4], suggesting
that the present calculation method is reasonable for the tubular
structures. When the curvature approaches zero, the total
energy decreases to zero, and the nanotubes become flat thin
films. In contrast, the total energy for O-out PTO-SWNTs is
lower than that for the corresponding thin films, indicating
that O-out PTO-SWNTs are more stable than the thin films.

As the curvature of the O-out nanotubes increases from zero
to 0.170 Å−1 (m = 10), the total energy first decreases and
then increases. The lowest energy is located at 1/R = −0.097
Å−1 (m = 18), at which the outer and inner radii are 22.70
Å and 18.46 Å, respectively. Interestingly, the curvature of
the O-out (110) PTO-SWNT with the lowest energy is the
same as that of the PbO-out (100) PTO-SWNTs, even though
they have different symmetries [5]. However, the minimum
total energy (−0.343 eV/cell) for the (110) PTO-SWNTs is
much lower than that (−0.082 eV/cell) for the (100) PTO-
SWNTs. This result implies that PTO-SWNTs rolled from
(110) nanosheets are more stable than those rolled from (100)
nanosheets.

PTO-SWNTs with different rolling directions have com-
pletely different atomic configurations, as shown in Fig. 2(b),
which alters the curvature dependence of energy in the
nanotubes. Figure 3(b) shows the curvature dependence of
the total energy for PTO-SWNTs with a rolling direction of
(0, n). Interestingly, the overall trend of energy variation with
curvature is the opposite of that for (m, 0) nanotubes. The
total energy for PbTiO-out nanotubes is lower than that for
the thin film, while that of O-out nanotubes is higher than
that for the thin film. This indicates that the former is more
stable than the latter. Furthermore, the total energy changes
monotonically with curvature for both O-out and PbTiO-out
nanotubes, which is different to the case for (m, 0) tubes.
The chirality-dependent energetic properties are related to
different deformations of oxygen octahedra in nanotubes with
different rolling directions. Cutting along the (110) direction,
oxygen octahedra are split into two parts, and only one-half
remains in the nanotube [see the dark triangles in Fig. 2(b)].
Four Ti-O bonds are present in the remaining half. In (0, n)
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nanotubes, the [110] direction of the primitive cell becomes
the circumferential direction of the tube. As a result, two
Ti-O bonds remain in the cross-sectional plane, as shown in
Fig. 2(b). In O-out nanotubes, the two Ti-O bonds and half of
the oxygen octahedra experience tension in the circumferential
direction. The Ti-O bonds are covalent and often have a
higher energy than Pb-O bonds when they are subjected to
tension [29]. As a result, a higher energy is obtained for the
O-out nanotubes; however, unlike for O-out nanotubes, Pb-O
bonds are subjected to tension in PbTiO-out PTO-SWNTs,
resulting in a lower energy due to the low covalency. Although
the chirality is different, the energetic behavior of (m, 0)
nanotubes is also dependent on the deformation of Ti-O bonds
and oxygen octahedra. For both rolling directions, tension in
the Ti-O bonds or oxygen octahedra is responsible for the
high energy for the PTO-SWNTs. Therefore, PTO-SWNTs
are energetically favorable when there is no tension in the
oxygen octahedra.

The effect of the rolling direction on the ferroelectricity
of PTO-SWNTs with different curvatures was investigated by
measuring the spontaneous polarization. The polarization is
calculated based on the Berry phase theory [30]. The calculated
spontaneous polarizations for PTO-SWNTs with different
curvatures and rolling directions are given in Figs. 3(c)
and 3(d). It was found that spontaneous polarizations exist
only in nanotubes with a rolling direction of (m, 0). When
the nanosheets are rolled up into (m, 0) nanotubes, the initial
polarization vector gives rise to two equivalent components
in the radial and axial directions. After relaxation, the
radial polarization disappears for both PbTiO-out and O-out
nanotubes. Note that the wall thickness of the nanotubes is only
2.092 Å, so it is reasonable that FE distortion is completely
suppressed in the radial direction by the depolarization field.
Surprisingly, a remarkable axial polarization exists for the
O-out nanotubes, even though the tube wall is much thinner
than the FE critical thickness of the flat thin film. The existence
of this axial polarization indicates the absence of a FE critical
thickness in (110) PbTiO3 nanotubes, which was also the
case in (100) PbTiO3 nanotubes [5]. The axial polarization
for (110) PTO-SWNTs with a curvature of −0.097 Å−1

(m = 18) was calculated to be 42.42 μC/cm2, which is
comparable to the bulk value of 78.6 μC/cm2 and one order of
magnitude higher than that for (100) PTO-SWNTs. Due to the
unusual geometry, the barrier for axial polarization switching
in the nanotubes could be significantly different from that in
bulk PTO. The energy barrier for polarization switching in
the nanotube is calculated to be 70 (meV/cell), which is
larger than the value of 56 (meV/cell) in bulk PTO, which
means polarization switching is harder in the nanotube than in
bulk PTO.

The polarization in (110) nanotubes stems from breaking
the symmetry of oxygen octahedra along the axial direction
due to the asymmetric cutting of the prototype unit cell. This
symmetry breaking results in a large tilt of oxygen octahedra in
the longitudinal section of the nanotubes, which is indicated by
the angle θ in Fig. 4(a). Due to this tilting, the projection of the
oxygen atoms on the tube wall also changes after relaxation.
The distances between the projected oxygen and Ti atoms
become longer and shorter in the upper and lower parts of
the dotted rectangle, respectively, as shown in Fig. 4(c). For

FIG. 4. (Color online) The detailed atomic configuration after
relaxation for the O-outside nanotube with the lowest energy (m =
18). (a) Tilting of oxygen octahedra in the longitudinal section after
relaxation. (b), (c) Cross-sectional and expanded side views of the
nanotube after relaxation, respectively. (d) Side view of thin film
after relaxation.

comparison, the atomic projection of a relaxed thin film is
also shown in Fig. 4(d), in which the atoms form a paraelectric
structure with a higher symmetry. There is no titling of oxygen
octahedra in the thin film, implying that the titling of oxygen
octahedra, a type of AFD distortion, is coupled with the FE
distortion in the PTO-SWNTs. The curvature dependence of
the polarization and titling angle in Figs. 3(c) and 3(d) clearly
demonstrates the strong coupling between FE distortion and
AFD distortion. The FE-AFD coupling is responsible for
the stability of the FE distortion in the nanotube, which
gives rise to improper ferroelectricity in the (110) PbTiO3

nanotubes. A similar improper ferroelectricity was also found
in perovskite oxide artificial superlattices, where the interfacial
strain plays a critical role in the FE-AFD coupling [31,32].
In the present (110) PbTiO3 nanotubes, various strain states
are associated with different chiralities and curvatures, which
leads to the appearance of chiral selectivity of improper
ferroelectricity.

Strain originating from curvature has a strong influence
on the magnitude of polarization in (110) PbTiO3 nanotubes.
The magnitude of the axial polarization increases when the
curvature increases, as shown in Fig. 3(c). At the same time,
the total energy also increases with curvature when the energy
is above the minimum energy. The increase in total energy
is due to an increase in strain with curvature. Therefore, the
nanotubes become unstable when the polarization increases
past the point of minimum energy. When comparing Fig. 3(c)
with 3(a), it can be seen that the PTO-SWNTs can be stable
at the minimum energy point, where the polarization is still
large. It is important to note that the minimum energy for the
nanotube is much lower than that for the flat thin film, i.e.,
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the so-called strain energy is negative, indicating that PTO-
SWNTs with a large polarization can be spontaneously folded
from nanosheets. The appearance of the large polarization
in PTO-SWNTs with negative strain energy holds promise
for a wide range of applications such as ultrahigh density
random access memory and nanoscale energy harvesting
devices.

On the other hand, strain also plays a decisive role in
the titling of oxygen octahedra in PTO-SWNTs. When the
nanosheets are folded into O-out nanotubes, the inner PbTiO
shell is under compression. To release this compressive stress,
a Pb atom and two oxygen atoms move outwards and inwards,
respectively, along the radial direction, as shown in Fig. 4(b).
The movement of atoms is a steric phenomenon, in which the
large Pb atoms are relocated at periodic intervals along the
outer shell. As a result, tilting of the oxygen octahedra is
induced in the axial direction by the movement of Pb and O
atoms in the radial direction. This is the origin of the large
polarization in the nanotubes, which involves interplay of
couplings among AFD, FE, and strain degrees of freedom.
In addition, titling of oxygen octahedra takes place in the
longitudinal section of the tube wall, which is completely
different from the rotation of oxygen octahedra in the cross
section of the (100) PbTiO3 nanotube [5]. This titling leads to
large displacements of oxygen atoms in the axial direction
of the nanotubes, which enhances the polarization in this
direction.

To check the stability of FE distortion in short nanotubes,
we perform the calculations of a short nanotube with one unit
cell separated by vacuum in the axial direction. It is found that
AFD atomic displacements still exist in the short nanotube.
The deviation in the axial direction between O atoms and Ti
atoms in the middle layer of unit cell is 0.653 Å, which is close
to the value of 0.680 Å in the infinite long nanotube, indicating

that the FE distortion is stable in the short nanotube although
there is a depolarizing field.

IV. CONCLUSION

In summary, we have demonstrated that a remarkable FE
distortion, comparable to the bulk value, can stably exist in
PTO-SWNTs with a specific chirality of (m, 0), whereas the FE
phase is absent from nanotubes with other chiralities and from
the unfolded thin films. The chirality-dependent polarization
originates from tilting of oxygen octahedra, which gives rise
to improper ferroelectricity. Strains originating from different
curvatures and chiralities play unique roles in the stabilization
of the single-wall tubular structure and the strong coupling
between FE and AFD distortions. The PTO-SWNTs with large
polarization not only exhibit fascinating coupling properties
but also hold promise for technological applications. The
present results may stimulate new experimental investigations
of single-wall perovskite nanotubes as FE components in
addition to theoretical studies of the interplay of couplings
among AFD, FE, and strain degrees of freedom.
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