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We present a density-functional theory study of finite-size effects in stoichiometric and nonstoichiometric
BaTiO3 nanowires of varying cross-sectional sizes and sidewall terminations. The tendencies for axial, transverse, and toroidal ferroelectric polarization instabilities in these nanowires have been characterized and possible driving forces underlying these behaviors have been identified. The critical size for ferroelectricity via
polarization along the nanowire axis is determined to be 12 Å, regardless of the stoichiometry or nanowire
sidewall terminations. The sidewall terminations alter the manner in which axial polarization manifests; for
instance, in nonstoichiometric BaO-terminated nanowires, a “core-shell-type” polarization results beyond the
critical size, while in all other cases, roughly uniform polarization along the same direction was observed
across the entire cross section. A tendency for transverse polarization 共i.e., normal to the nanowire axis兲 occurs
in nanowires with a cross-sectional size of 16 Å displaying TiO2-terminated sidewall facets. This tendency is
accompanied by a toroidal or vortex polarization state, with the toroidal moment along the nanowire axis, to
mitigate the depolarizing fields due to transverse polarization.
DOI: 10.1103/PhysRevB.80.014113

PACS number共s兲: 77.80.⫺e, 77.22.Ej, 77.84.Dy

I. INTRODUCTION

Owing to their potentially high dielectric constant and
their ability to support switchable polarization states, ferroelectric nanoparticles 共NPs兲 and nanowires 共NWs兲 are being
considered as fillers in flexible capacitor organic films1 and
as media for next-generation ultrahigh-density computer
memories.2–4 Intense experimental efforts targeted both toward the synthesis of ferroelectric nanostructures with size
and shape control,5–9 as well as characterization of their
physical, dielectric, and polarization states with unprecedented precision are underway.10–13 For instance, advanced
probing techniques such as piezoresponse force microscopy
共PFM兲 共Ref. 10兲 and ultrahigh vacuum scanning probe microscopy 共SPM兲 共Ref. 11兲 have pushed the resolution limit of
a local domain structure to less than 100 Å. Using these
techniques, it has been shown that stable polarization states
in individual single-crystalline barium titanate 共BTO兲 NWs
can be reproducibly induced, sensed, and manipulated along
both the axial12 and transverse13 directions of the NW.
Paralleling and complementing the above developments is
a growing number of theoretical efforts. The past decade has
seen a revolution in the theoretical understanding of ferroelectricity through first-principles density-functional-theorybased 共DFT-based兲 methods, first-principles-derived effective Hamiltonian techniques, and the Landau-GinzburgDevonshire-theory-based phenomenological approaches.14
First-principles DFT methods, owing to their computational
complexity, have largely been used to study bulk and thinfilm geometries of ferroelectric systems, typically, containing
a few to several tens of atoms per repeating unit cell.15 These
“typical” numbers are increasing rapidly allowing for studies
of ferroelectric nanostructures; for instance, recent investigations 共the only first-principles studies of ferroelectric NWs to
date兲 indicate that the critical size for the onset of ferroelectricity along the NW axis is about 12 Å in stoichiometric
BTO NWs 共Ref. 16兲 and about 16 Å in nonstoichiometric
1098-0121/2009/80共1兲/014113共7兲

TiO2-terminated PbTiO3 NWs.17 To circumvent the practical
limitations imposed by fully first-principles techniques, parameterized effective Hamiltonian18–20 and phenomenological approaches21 that permit studies of ferroelectric systems
with effectively several thousand atoms have been used. Although not as accurate or versatile as fully first-principles
approaches 共due to their inability to explicitly treat atoms,
surface terminations, and chemical environments兲, these efforts have been instrumental at predicting the existence of
exotic polarization states such as the toroidal, or vortex,
states in ferroelectric nanodisks as small as 28 Å and multiple vortices in nanodisks larger than 300 Å.19–21 Still, a
satisfactory understanding of the atomic-level origins and
mechanisms that result in dielectric response, diverse polarization states, and the dependence of these states on size and
surface chemistry down to the nanometer regime is unavailable at the present time.
Here, we present a fully ab initio DFT investigation of
polarization ordering in ultrathin free-standing BTO 关001兴
NWs whose bulk unit cell is shown in Fig. 1共a兲. A comprehensive characterization of the dependence of the polarization states on the size of the NW and the type of the NW
sidewall surface termination has been performed. Among the
exciting findings of this work are 共1兲 the presence of axial
polarization in NWs as thin as 12 Å regardless of NW stoichiometry and sidewall terminations, 共2兲 the complex dependence of the manner of axial polarization on the NW
sidewall terminations, 共3兲 the stabilization of an off-axis
transverse polarization component in NWs of size 16 Å, and
共4兲 the preponderance of a vortex polarization state to mitigate the depolarizing fields due to the transverse polarization.
This paper is organized as follows. Details concerning the
NW structures, including geometry, stoichiometry, and surface terminations are provided in Sec. II. The procedure
adopted to quantify the tendency for polarization distortions
is prescribed in Sec. III. Details pertaining to the specific
computational approach, approximations used, and geometry
constraints imposed are discussed in Sec. IV. Results are pre-
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considered a set of BaO- and TiO2-terminated nonstoichiometric NWs henceforth referred to as BaO-n ⫻ n and
TiO2-n ⫻ n NWs, respectively. BaO-n ⫻ n 共TiO2-n ⫻ n兲 NWs
were created by adding BaO 共TiO2兲 layers to the TiO2 共BaO兲
facets of S-n ⫻ n NWs. Figures 1共e兲 and 1共f兲 show alternate
BaO and a TiO2 planes normal to the axis of a BaO-2 ⫻ 2
NW.
III. LOCAL FERROELECTRIC DISTORTIONS

FIG. 1. 共Color online兲 共a兲 BTO unit cell showing the TiO6 octahedron and atom labels used in the definition of polarization distortions 共see text for details兲. 共b兲 A 2 ⫻ 2 nanowire showing alternate stacking of BaO and TiO2 planes along the NW axis. 关共c兲 and
共d兲兴 Transverse view 共along x-y plane兲 of successive BaO and TiO2
planes, respectively, in a stoichiometric 2 ⫻ 2 共S-2 ⫻ 2兲 NW. 关共e兲
and 共f兲兴 Transverse view 共along x-y plane兲 of successive BaO and
TiO2 planes, respectively, in a BaO-terminated nonstoichiometric
2 ⫻ 2 共BaO-2 ⫻ 2兲 NW.

sented in Sec. V in two parts; stoichiometric NWs were used
to perform density-of-states 共DOS兲 analysis and to determine
the energetic driving forces for polarization instabilities
along the NW axis 共Sec. V A兲, and nonstoichiometric NWs
allowed for a study of off-axis polarization instabilities 共Sec.
V B兲. In Sec. VI, we comment about the possible mechanisms that favor spontaneous off-axis polarizations in BTO
NWs. Finally, we summarize conclusions in Sec. VI.
II. DETAILS OF NW STRUCTURES

Both stoichiometric and nonstoichiometric infinite BTO
NWs were considered in this study. Stoichiometric NWs
contained an integral number of BTO units 共each with 1 Ba,
1 Ti and, 3 O atoms兲 with the BTO units arranged in a n
⫻ n square grid along the plane normal to the NW axis.
These are henceforth referred to as S-n ⫻ n NWs. Infinite
repetitions of the BTO units along the NW axis resulted in
alternate stacking of BaO and TiO2 planes 关Fig. 1共b兲兴 and,
consequently, in n2 infinite -O-Ti-O- chains along the NW
axis. Owing to the stoichiometry, two of the NW sidewall
facets are BaO terminated and the other two are TiO2 terminated. Figures 1共c兲 and 1共d兲 show alternate BaO and TiO2
planes normal to the axis of a S-2 ⫻ 2 NW.
Although stoichiometric NWs allow for an unambiguous
definition of energies per BTO unit 共e.g., total energy, ferroelectric well depth, etc.兲, the inherent asymmetry of these
structures results in a polarization component normal to the
NW axis. This asymmetry can prevent a clear understanding
of the intrinsic tendency of the system to adopt certain polarization configurations. Moreover, real NWs will display
facets that are either all BaO or all TiO2 terminated, depending on which of the two surface facets is stabilized in a given
chemical environment. Owing to these factors, we have also

The off-center displacements of Ti atoms, which, in the
reference paraelectric state, are at the centers of O octahedra,
were used as a quantitative measure of the local ferroelectric
distortions. The BTO unit cell of Fig. 1共a兲 also shows the O
octahedron. The displacement of the central Ti atom can be
represented by a vector d with dx, dy, and dz being its x, y,
and z components, respectively. Each of these components
can further be defined in terms of the locations of the Ti and
the six neighboring O atoms 关Fig. 1共a兲兴, as follows:
dx = xO1x + xO2x − 2xTi ,
dy = y O1y + y O2y − 2y Ti ,
dz = zO1z + zO2z − 2zTi ,

共1兲

where xO1x represents the x coordinate of atom O1x, etc. The
above definition of d has been used to quantify the tendency
for variation in polarization with position 共from one unit cell
to the other兲.
IV. DETAILS OF THEORETICAL METHODS

All DFT calculations presented here are for 0 K situations
and were performed using a numerical atomic-orbital
method22 as implemented in the SIESTA code.23 The electronic wave functions were expanded using a double-zeta
plus polarization basis set, electron-electron interactions
were treated within the local-density approximation, and the
electron-nuclear interactions were captured using normconserving Troullier-Martins pseudopotentials,24 as has been
done before for BTO.25 With these choices, the properties of
the bulk paraelectric 共cubic兲 and the ferroelectric 共tetragonal
and rhombohedral兲 phases were reproduced satisfactorily.
For instance, the lattice parameter for the cubic phase was
computed to be 3.958 Å, the a and c lattice parameters for
the tetragonal phase to be 3.956 Å and 3.968 Å, respectively, and the lattice parameter and the angle for the rhombohedral phase to be 3.964 Å and 89.99°, all in good agreement with experiments and previous ab initio work.26,27 The
tetragonal and rhombohedral phases were 13 and 17 meV
lower in energy 共per BTO unit兲, respectively, than the
paraelectric cubic phase. The off-center displacement of the
Ti atom accompanying ferroelectric distortions in bulk can
be represented using d as defined above. Needless to say,
dx = dy = dz = 0 for the cubic phase. For the bulk tetragonal
ferroelectric phase, our computed value of dz was 0.20 Å
共with dx = dy = 0兲, in good agreement with prior ab initio work
and experiments.26 For the rhombohedral phase, we found
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FIG. 2. 共Color online兲 Evolution of equilibrium lattice constant
c as a function of wire cross section for stoichiometric and nonstoichiometric NWs 共having either BaO and TiO2 termination兲. Corresponding bulk tetragonal value is represented as a horizontal dashed
line.

that dx = dy = dz = 0.16 Å, again in good agreement with prior
work.27
S-n ⫻ n, BaO-n ⫻ n, and TiO2-n ⫻ n NW calculations,
with n = 1 – 4, were performed using the supercell method
with the NW axis oriented along the tetragonal c axis 共taken
here to be along the z direction兲 and with the NWs separated
by at least 12 Å from the neighboring images normal to the
NW axis. 关It is worth mentioning that the supercell vectors
were chosen to be orthogonal, thereby allowing 共disallowing兲 tetragonal 共rhombohedral兲 ferroelectric distortions. This
decision was motivated by the reasoning that a polarization
component normal to the NW axis, required by rhombohedral distortions, will lead to energetically unfavorable depolarizing fields. Nevertheless, we will see that, under appropriate conditions, the system is able to find a way to
circumvent this constraint.兴 A set of six special k-points and
atomic forces smaller than 0.02 eV/ Å were required to ensure converged results.

and below 共our reference “paraelectric” state with net zero
axial polarization, i.e., with dz = 0; note, however, that these
structures may have a nonzero dx or dy value depending on
the location, stoichiometry, and surface termination兲 and 共2兲
Ti atoms intentionally displaced from this central position
共followed by geometry optimization兲 in order to determine
the tendency for each system to display ferroelectric instability. For each of these two cases, the value of the c parameter
共periodic distance along the NW axis兲 was optimized. The
value of the c parameter corresponding to the most stable
NW for each size and stoichiometry is displayed in Fig. 2
with the horizontal dashed line representing the corresponding value for bulk BTO. Smaller c values for NWs with
smaller cross sections is a consequence of the atoms 共most of
which are at or close to the sidewall facets兲 desiring to increase their reduced coordination. The c value of all NWs
asymptotically approach the bulk BTO value. The BaO-n
⫻ n NWs appear to achieve this the quickest and the
TiO2-n ⫻ n the slowest, with the stoichiometric variety being
intermediate. Table I lists the average lateral lattice parameter 共ā兲, c, and c / ā for each of the nonstoichiometric nanowires. The c / ā ratio is a measure of tetragonality with larger
values of this ratio correlating with an increased tendency for
ferroelectric distortions. In fact, the c / a ratio is equal to 1
and 1.003, respectively, in bulk paraelectric and bulk ferroelectric BTO. For the nonstoichiometric NWs considered
here, we see from Table I that the c / ā ratio increases with
NW size indicating an increased tendency for ferroelectricity
with size. This trend is qualitatively similar to that seen in a
recent study of PbTiO3 NWs 共Ref. 17兲 and is consistent with
the onset of ferroelectricity at a critical size as will be discussed shortly. It is worth noting that the actual value of the
c / ā ratio that signifies the onset of ferroelectricity need not
be 1 in the case of NWs 共as opposed to bulk兲 due to the
presence of coordinative unsaturations in the NW surface
facets.
A. Stoichiometric NWs

V. RESULTS

For each NW, two cases were considered: 共1兲 Ti atoms
constrained to be at the midpoint between the O atoms above

First, we discuss the polarization behavior of stoichiometric NWs. Their tendency for ferroelectric distortion was
quantified in terms of the “ferroelectric well depth,” defined
as the energy difference 共per BTO unit兲 between the refer-

TABLE I. Averaged lateral lattice parameters 共ā兲, the c lattice parameter, and the c / ā ratios of PbO and
TiO2 terminated nanowires as a function of cross-sectional size.
Nanowire size

1⫻1

ā
c
c / ā

ā
c
c / ā

2⫻2

3⫻3

4⫻4

Bulk

3.70
3.64
0.984

BaO terminated
3.78
3.81
3.82
3.87
1.011
1.016

3.83
3.89
1.016

3.96
3.97
1.003

3.74
3.38
0.904

TiO2 terminated
3.84
3.85
3.67
3.81
0.956
0.990

3.88
3.82
0.985

3.96
3.97
1.003
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FIG. 3. 共Color online兲 Ferroelectric well depth 共defined as the
energy difference between the paraelectric and ferroelectric phases兲
per BTO unit for stoichiometric NWs as a function of wire cross
section. Corresponding bulk values for tetragonal and rhombohedral
phases are shown as horizontal dashed lines.

ence paraelectric structure with dz = 0 and the distorted ferroelectric structure 共should this be stable兲. In the case of the
S-1 ⫻ 1 and S-2 ⫻ 2 NWs, the only stable structures were the
paraelectric ones. In contrast, the ferroelectric states were
stable in S-3 ⫻ 3 and S-4 ⫻ 4 NWs with ferroelectric well
depths of 12.8 and 13.8 meV/BTO unit, respectively, close to
the corresponding value for bulk tetragonal BTO but smaller
than for bulk rhombohedral BTO, as shown in Fig. 3. The
off-center positions along the z direction of Ti atoms were
used to determine dz for all Ti atoms, which are plotted in
Fig. 4 for both S-3 ⫻ 3 and S-4 ⫻ 4 NWs. It can be seen that
the magnitude of the ferroelectric distortions are, in general,
smaller than in bulk BTO and that the distortions are much
larger at and close to TiO2-terminated facets than at and
close to BaO-terminated facets 共similar to behaviors seen in
BTO slabs兲.26 From these results, and Fig. 3, it can be concluded that the ferroelectric distortion is stabilized over the
paraelectric state even in NWs as small as 12 Å, in agreement with prior ab initio work.16
In order to better understand the circumstances that render
the ferroelectric state more stable, we carried out decomposed DOS analysis, in which the contribution to the total
DOS due to each BTO unit of the NW is identified. The
decomposed unit DOS are depicted in Fig. 5 for the S-3
⫻ 3 NW. Eight of the nine BTO units lie along either the
BaO- or TiO2-terminated facets and unit 5 is completely sur-

(a)

(b)

FIG. 4. 共Color online兲 Axial polarization distortion 共characterized in terms of dz兲 for 共a兲 S-3 ⫻ 3 and 共b兲 S-4 ⫻ 4 nanowires. x and
y labels index the unit cells across the nanowire cross section.

FIG. 5. 共Color online兲 Decomposed density of states in terms of
individual BTO units for S-3 ⫻ 3 BTO NW. Dotted line in panel 5
represents DOS for a bulk BTO unit.

rounded by the other BTO units. But for the fact that the
band gap corresponding to unit 5 is larger than the bulk BTO
band gap 共due to quantum confinement兲, its DOS is identical
to that of bulk BTO, as can be seen in Fig. 5. The DOS of
units lining the TiO2- and BaO-terminated facets display, respectively, significant and modest narrowing of the band gap,
relative to unit 5, due to additional 共surface兲 states created in
the band gap, reminiscent of the behavior displayed by BTO
slabs.26 The largest narrowing of the band gap is seen in units
3 and 7 containing both TiO2- and BaO-terminated facets.
These results indicate that the presence of at least one BTO
unit completely surrounded by a “shell” of other BTO units
is accompanied by the onset of ferroelectricity.
B. Nonstoichiometric NWs

Next, we turn our attention to the nonstoichiometric
BaO-n ⫻ n and TiO2-n ⫻ n NWs. Here, in addition to the
axial ferroelectric distortion, quantified in terms of dzẑ, we
also consider the transverse component of the distortion 共i.e.,
along a plane normal to the NW axis兲, defined as d⬜ = dxx̂
+ dy ŷ. Among the BaO-n ⫻ n NWs, axial polarization was not
stable in the BaO-1 ⫻ 1 and BaO-2 ⫻ 2 NWs, similar to the
stoichiometric case. Hence, we focus only on BaO-3 ⫻ 3 and
BaO-4 ⫻ 4 NWs, whose dz and d⬜ are shown in Fig. 6. It is
clear that axial polarization is realized only in the core of the
NWs 关Figs. 6共a兲 and 6共b兲兴, i.e., in those BTO units completely surrounded by at least one BTO shell. It is worth
noting that in the outer “shell” region, although the dz value
is quite small, its sign is opposite that of dz in the core
region. It can thus be concluded that BTO NWs bound by
BaO facets will display core-shell polarization, as has been
proposed earlier based on PFM measurements.10 In the core
region, the level of the distortion, i.e., dz value, is closer to
the corresponding bulk tetragonal value of 0.20 Å than displayed by stoichiometric NWs. Figures 6共c兲 and 6共d兲 display
d⬜ for the BaO-3 ⫻ 3 and BaO-4 ⫻ 4 NWs. Although the Ti
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FIG. 6. 共Color online兲 关共a兲 and 共b兲兴 Calculated axial polarization
distortion 共characterized in terms of dz兲 for BaO-3 ⫻ 3 and BaO-4
⫻ 4 NWs, respectively. Blue and red histograms represent positive
and negative values of dz. 关共c兲 and 共d兲兴 Calculated transverse polarization patterns 共characterized in terms of d⬜兲 for BaO-3 ⫻ 3 and
BaO-4 ⫻ 4 NWs, respectively. x and y labels index the unit cells
across the nanowire cross section.

atoms do not display a tendency to all move radially inward
or outward, the fourfold symmetry of the NW cross section
is reflected in the transverse distortions. The clear tendency
for radial polarization is largely driven by relaxation and
reconstruction at surface facets, which tend to diminish as
the center of the NW is approached. None of these NWs
display a net dipole moment along any of the transverse
directions.
The TiO2-1 ⫻ 1 and TiO2-2 ⫻ 2 NWs having size below
the critical size of ferroelectricity bear no spontaneous polarization. It thus appears that the critical size for ferroelectricity in BTO NWs (with polarization along the NW axis) is
about 12 Å, regardless of stoichiometry or surface terminations. Figure 7 shows the axial and the transverse components of the ferroelectric distortions for the TiO2-3 ⫻ 3 and
TiO2-4 ⫻ 4 NWs, which show qualitatively different tendencies compared to the BaO-terminated NWs. The axial component is significant in both these TiO2-terminated NWs regardless of the location of the Ti atom 共although dz
corresponding to corner and core Ti atoms are somewhat
reduced compared to that of the others兲. The core-shell behavior seen in the BaO-terminated NWs is not displayed
here. Focusing next on the transverse component of the distortion, it can be seen that all Ti atoms tend to move radially
inward significantly rather than the “mixed” trend shown by

FIG. 7. 共Color online兲 关共a兲 and 共b兲兴 Axial polarization distortion
in TiO2-3 ⫻ 3 and TiO2-4 ⫻ 4 NWs, respectively. 关共c兲 and 共d兲兴
Transverse polarization patterns of TiO2-3 ⫻ 3 and TiO2-4 ⫻ 4
NWs, respectively. 关共e兲 and 共f兲兴 Radial and azimuthal decompositions, respectively, of the transverse polarization pattern of the
TiO2-4 ⫻ 4 NW shown in 共d兲. x and y labels index the Ti atoms
across the nanowire cross section.

BaO-n ⫻ n NWs. Nevertheless, the important impact of the
TiO2 termination is that the surface Ti atoms are exposed and
no longer contained within the TiO6 octahedra. Hence, they
experience more significant inward relaxations 共to compensate for their coordinative unsaturations兲 than the nearsurface Ti atoms in BaO-terminated NWs. That the surface
termination is crucial in determining the tendency for the
type of ferroelectric distortion can be seen by comparing the
results for the BaO-4 ⫻ 4 and TiO2-3 ⫻ 3 NWs, as both these
NWs have 16 -O-Ti-O- chains along the NW axis.
The most remarkable polarization behavior is displayed
by the TiO2-4 ⫻ 4 NW, whose transverse polarization distortions are depicted in Fig. 7共d兲. This NW contains 25 -OTi-O- chains along its axis, the most number of chains
among NWs considered here. Although d⬜ for the TiO2-4
⫻ 4 NW looks qualitatively similar to that for the TiO2-3
⫻ 3 case, a more careful inspection indicates that the trans-
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clearly show that application of axial tensile strain destabilizes the vortex state in the NW.
VI. DISCUSSION

FIG. 8. Effect of axial strain on toroidal moment for the
TiO2-4 ⫻ 4 NW.

verse polarization distortions in the TiO2-4 ⫻ 4 NW are not
entirely radial 共cf. Figs. 7共c兲 and 7共d兲兲. The TiO2-4 ⫻ 4 NW
d⬜ were further decomposed into radial and azimuthal components 共i.e., d⬜ = drr̂ + dˆ 兲, which are shown in Figs. 7共e兲
and 7共f兲. Strikingly, the azimuthal distortion is reminiscent of
the vortex polarization state anticipated in ferroelectric nanostructures based on recent effective Hamiltonian
simulations.19,20 Although the azimuthal distortions are an
order of magnitude smaller than the corresponding radial distortions, they are comparable in magnitude to the axial distortions. The lack of complete fourfold symmetry of d results in a net dipole moment of 0.06x̂ − 0.03ŷ in atomic units.
Several attempts were made to stabilize a TiO2-4 ⫻ 4 NW
with no net off-axis dipole moment, but all such attempts
converged toward structures with a nonzero dipole moment,
reflecting this system’s tendency to stay transversely polarized. These results thus indicate that the critical size for the
occurrence of a transverse polarization instability in BTO
NWs is about 16 Å 共at 0 K兲. We make the observation that
our results are consistent with recent experimental work. For
instance, SPM investigations by Yun et al.11 have shown that
an off-axis component of polarization can be easily induced
and retained over a long period of time in single-crystal BTO
NWs. Carrying the work further, Spanier et al.13 established
that the critical size for stable transverse off-axis polarization
at room temperature to be 30 Å which when extrapolated to
low temperature indicate a critical size of ⬃8 Å.
To study the effect of axial strain on the vortex polarization state in the TiO2-4 ⫻ 4 NW, calculations were carried
out by constraining the c lattice parameter fixed at different
values 共viz., 3.84, 3.86, and 3.88 Å兲 while all the internal
degrees of freedom in the supercell were allowed to relax.
We define an axial toroidal moment as follows:

Finally, we comment about the possible driving forces
underlying the tendency of BTO NWs to exist in a vortex
state with a net transverse dipole moment. As mentioned
above, ab initio derived effective Hamiltonian treatments
have identified such a vortex polarization tendency in ferroelectric nanodisks 共this behavior is a natural conceptual extension foreseen decades earlier in the case of ferromagnetic
nanostructures by Kittel28兲. In the case of nanodisks, the geometry of the system favors polarization along the nanodisk
surface 共as polarization along the disk axis will lead to unfavorably large depolarizing fields兲. Still, as the system size
decreases, the depolarizing fields along the nanodisk surface
can become significant. In order to satisfy both the need of
the system to stay polarized 共the intrinsic tendency of ferroelectrics兲 and minimize depolarizing fields, the nanodisk system could adopt a vortex state in which depolarizing fields
are eliminated due to closed polarization loops. The resultant
vortex polarization distribution is thus a direct consequence
of energy minimization in the presence of polarization fields,
dipole-dipole interactions, and electrical and geometric
boundary conditions.
However, we do not anticipate a vortex state in the case of
infinite NWs. Here, the system can satisfy its need to stay
polarized by adopting an axial polarization 共the preferred polarization direction dictated by geometry兲. Net transverse
components of the polarization 共and vortex states to mitigate
the accompanying depolarizing fields兲 are not expected.
Nevertheless, we do see this behavior in the case of the
TiO2-4 ⫻ 4 BTO NW considered here. We believe that this
tendency may, in part, be due to the nature of bulk BTO to
adopt a rhombohedral structure with polarization along the
具111典 pseudocubic directions 共rather than along the 关001兴
axis of the NW兲. Thus, since the NW axis is forced to be
along the 关001兴 direction, the system displays a tendency to
be polarized along an off-axis direction in NWs larger than a
certain critical size. The vortex state occurs to minimize the
effect due to the depolarizing fields. Extensions to the current
calculations, both in terms of larger NW cross-sectional sizes
as well as in the form of studies of systems other than BTO,
are required to obtain a better understanding of the intricate
and general factors that contribute to polarization in ferroelectric nanostructures.
VII. SUMMARY

z = 兺

di ⫻

Ri ,

共2兲

i

where Ri denotes the position vector of ith Ti atom in the
wire cross section with respect to the center of the wire, di is
the contribution of ith Ti atom to the azimuthal component of
polarization 关as plotted in Fig. 7共f兲兴 and the sum runs over all
Ti atoms in the wire cross section. In Fig. 8 we plot z as a
function of axial strain for the TiO2-4 ⫻ 4 NW. Our results

We have performed a DFT study of free-standing infinite
BTO 关001兴 nanowires. Both stoichiometric and nonstoichiometric nanowires were considered, with the former containing both BaO and TiO2 sidewall facets and the latter bound
by either BaO or TiO2 sidewall facets. Our calculations indicate that regardless of stoichiometry or sidewall termination, the critical size for the onset of ferroelectricity with
polarization along the nanowire axis is about 12 Å at 0 K.
The degree of polarization 共quantified in terms of off-center
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Ti atom displacements in TiO6 octahedra兲 and the energetic
driving force for the ferroelectric instability 共quantified in
terms of the ferroelectric well depth兲 are comparable to those
of bulk BTO even in ultrathin nanowires. In the case of
TiO2-terminated symmetric nonstoichiometric nanowires
with a size of about 16 Å, a polarization instability along a
transverse direction, accompanied by a vortex polarization
state, was also observed using DFT computations. While further work is required to better understand the polarization
tendencies of ferroelectric materials with reduced dimensionality, accurate atomic-level investigations of such systems
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using fully ab initio computations is increasingly becoming
possible.
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