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Ferroelectricity in Barium Titanate Quantum Dots and Wires
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Properties of BaTiO3 colloidal quantum dots and wires are simulated using a first-principles-based
approach. Large atomic off-center displacements (that are robust against capping matrix materials) are
found to exist in very small (<5 nm) dots. We further determine the size dependences of electrical and
electromechanical responses in the studied nanostructures, as well as provide microscopic under-
standing of these responses.
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these particles respond to applied electric fields. These
properties are found to be unusual and differ from what is
commonly believed.

of atomic relaxations on local modes, an interaction
between local modes at surfaces and the vacuum
(denoted as mode-vacuum interaction) is added in the
Intense experimental effort has been made recently
in synthesizing and understanding ferroelectric (FE)
nanostructures—e.g., BaTiO3 dots [1], rods [2], wires
[3], and nanotubes [4], and Pb�Zr;Ti�O3 thin films [5,6]
and nanoparticles [7]—mainly because of their pro-
mise in increasing FE nonvolatile-memory density thou-
sands fold by reading and writing into individual
nanoparticles [3,8,9]. Furthermore, these FE nanostruc-
tures are also critical in light of miniaturizing piezo-
electric transducers and actuators, ultrasonic devices,
and medical imaging detectors [10,11]. From a funda-
mental point of view, ferroelectricity is caused by atomic
off-center displacements, resulting from a delicate bal-
ance between long-range (LR) Coulomb interaction and
short-range (SR) covalent interaction [12]. In nano-
structures, both interactions—and thus their balance —
are altered with respect to the bulk, since the LR in-
teraction is truncated due to lack of periodicity, while
the SR one is significantly modified near the sur-
face boundary. Consequently, it is commonly believed
[13–16] that ferroelectricity in nanostructures would
disappear entirely (i.e., there is no ferroelectric off-
center instability) below a critical size. This belief has
recently received support from a theoretical study on
BaTiO3 thin films [17]. For FE nanoparticles, while mea-
surements of lattice structures (rather than polarization)
are available only at large sizes (�500 �A, Refs. [14,15]),
the critical size of ferroelectricity (if any) is unknown
[1–3,7]. In fact, it is not even clear whether there are any
ferroelectric displacements in FE dots and/or whether
these displacements are aligned to form long-range ferro-
electric phases. Similarly, virtually nothing is known
about the electrical and mechanical responses of FE
nanoparticles to electric fields.

The purpose of this Letter is to investigate, from first
principles, the ferroelectric properties of BaTiO3 colloi-
dal nanoparticles—and, in particular, to answer whether
there is ferroelectricity in FE nanoparticles and how
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Here, we further develop and use a first-principles-
derived effective-Hamiltonian approach [18,19] coupled
with Monte Carlo simulations. (Ideally, one would like
to use direct first-principles density-functional theory,
but this is currently computationally impracticable.) The
effective Hamiltonians of Refs. [18,19], which are de-
rived from first principles and possess a comparable ac-
curacy, have been successfully applied to many FE
materials, including simple BaTiO3 [20], PbTiO3 [21],
and KNbO3 [22] systems, and complex Pb�Zr;Ti�O3 [19]
and Pb�Sc;Nb�O3 [23] solid solutions. In this approach,
local modes fuig (i is the cell index) describe the ferro-
electric instability in individual 5-atom cells; ui are
associated with local electrical dipoles Pi via Pi � Z�ui
(where Z� is the effective charge of the local mode).

Compared to the original method detailed in Ref. [18],
two new developments are made here in order to be able to
study FE nanoparticles: (i) No supercell periodic bound-
ary conditions are imposed, and the LR dipole-dipole
interaction is performed in real-space (inside the nano-
particles) rather than in reciprocal space. Our simulations
with open-boundary condition precisely mimic the ex-
perimental situations [3,5,6] in which polarizations in
FE wires and films are probed by noncontact electro-
static forces without metallic electrodes. By contrast,
the calculations of BaTiO3 thin films in Ref. [17] assume
a short-circuit boundary condition with metallic elec-
trodes surrounding the films. Also note that, in our
real-space implementation without artificial periodicity
for finite systems, the potential field generated by every
dipole in the nanoparticles—including the depolariza-
tion field produced by the charges (i.e., uncompensated
dipoles) at nanoparticle surfaces—is precisely computed
and properly accounted for. (ii) Existence of the vacuum
surrounding nanoparticles will cause surface-induced
atomic relaxations and cell-shape changes (thus affecting
both local modes and local inhomogeneous strains)
near the nanoparticle surfaces. To account for the effect
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FIG. 1. (a) Local-mode displacements, fuig, of the cells cen-
tered on the y � 6th B plane of the 12	 12	 12 dot under zero
electric field. The arrows give the direction of these displace-
ments, projected on the xz plane, and the arrow length indicates
the projected magnitude. (b) The same as (a), but under a field
of E � 5	 108 V=m applied along the z axis. (c) The same as
(a), but under a field of E � 109 V=m applied along the z axis.
(d) Local-mode displacements fuig of the cells centered on the
y � 12th B plane of the 24	 24	 24 dot. (e) Illustrations of
four specific configurations of two dipoles with fixed centers
but different orientations. Note that the dipole-dipole electro-
static energy increases from (i) to (iv). The dipoles axis (dotted
line) is defined as the straight line connecting the centers of
two dipoles. (For enlarged figure, see [25].)
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Hamiltonian. Similarly, an interaction between the inho-
mogeneous strains and the vacuum (denoted as local
strain-vacuum interaction) is added to account for the
effect of cell-shape changes on local strains. The parame-
ters of these two SR interactions—whose contributions to
total energy are analytically similar to the species-
dependent intersite coupling terms of Ref. [19]—
are determined from first-principles local-density-
approximation (LDA) calculations on BaTiO3 surfaces.
Our effective Hamiltonian for FE dots thus includes the
dominating effects caused by the vacuum on charge re-
distribution, atomic relaxations, and cell-shape changes
near the surfaces. We assume that the surfaces of nano-
particles are BaO terminated, since they have lower
energies than TiO-terminated surfaces [24]. Other inter-
action parameters used here (to describe the FE material
per se) are those of Ref. [20] for bulk BaTiO3, since
Ref. [17] demonstrates that these parameters do not
change significantly when going from bulk to nanostruc-
tures. Local modes fuig at low temperatures are obtained
via temperature-annealing Monte Carlo simulations. A
pressure of �4:8 GPa is used in simulations to correct the
LDA error in lattice constant. Results presented here are
obtained for 50 K.

For simplicity, we assume BaTiO3 dots to be rectangu-
lar, since adopting a spherical or a square cross section
leads only to a minor difference. The rectangular dots are
denoted as nx 	 ny 	 nz, where nx, ny, nz are the numbers
of five-atom cells contained in the dots along the pseu-
docubic [100], [010], and [001] directions, respectively.
The average size of a nanoparticle is thus given by L �
�LxLyLz�

1=3, where Li � nia (i � x; y; z) are the lengths
along the three Cartesian axes (a � 4:0 �A is the lattice
constant of BaTiO3). For the clarity of demonstration, our
prediction for local modes fuig will be presented on a
certain perovskite B-site plane, which is specified by its
normal direction and its order index among the equivalent
planes (e.g., the y � 6 plane is the 6th plane having a
normal direction along the y axis).

Local modes fuig on the y � 6 plane of a 12	 12	 12
dot are depicted in Fig. 1(a). Significant ferroelectric off-
center displacements can be clearly seen in this small
(L � 4:8 nm) dot. The local-mode magnitude hjuji, aver-
aged over all 5-atom cells, is 0:043a in this dot. This is
remarkably large and comparable with the value of 0:039a
found in bulk BaTiO3. These large off-center displace-
ments, indicating the existence of significant dipoles in
each cell, have an important implication—that is, a large
amount of macroscopic polarization can be generated by
aligning these local dipoles with electric fields. Note that
this effect cannot be achieved in nonferroelectric nano-
particles without off-center displacements, unless a huge
electric field is applied. In fact, other calculations we
performed (not shown here) predict that large off-center
displacements yielding a magnitude hjuji � 0:052a occur
even in the tiny 4	 4	 4 dot (L � 1:6 nm). Conceivably,
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such a small size is likely the limit achievable in experi-
ments. These results thus suggest that there is virtually no
critical size for ferroelectric instability in nanoparticles.

For the dipoles on the dot surfaces, analysis of
Fig. 1(a) shows that the parallel-to-surface components
of these dipoles prefer to point along opposite directions
on two opposite surfaces, while the (small) normal-to-
surface components tend to bulge out due to the surface-
induced atomic relaxations. Figure 1(a) further reveals
that the local dipoles in small dots prefer to rotate from
cell to cell, forming an unusual and complex ‘‘vortex-
like’’ pattern (similar to the ones found in some magnetic
compounds). Note that this vortex pattern in FE dots is
different from the ferroelectric pattern in bulk (where all
dipoles are aligned along the same direction, as predicted
by similar-size supercell effective-Hamiltonian simula-
tions or assumed in five-atom first-principles calcula-
tions). Interestingly, as a result of the dipole pattern in
Fig. 1(a) the total macroscopic polarization is found to be
zero (i.e., hui � 0). Furthermore, we found that the vortex
pattern of displacements does not alter appreciably when
turning off and on the mode-vacuum SR interaction. This
suggests another important conclusion, namely, that fer-
roelectric instability in dots is not much affected by the
surface local environments or, equivalently, that the cap-
ping organic matrix materials used in experiments should
not affect the ferroelectric properties of the dots. Unlike
in Ref. [17] where charges in metallic electrodes are able
257601-2
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FIG. 2. (a) Response of the net mode-average huzi per unit
cell, in unit of bulk lattice constant, as a function of electric
field in quantum wires of different lengths. Four curves, from
bottom to top, correspond to Lz � 2:4, 4.8, 9.6, and 14.4 nm,
respectively. The x-axis and y-axis lengths are both fixed at
4.8 nm. (b) Dependences of the poling field (Epf) and the
dielectric susceptibility (of stage I) on the wire length Lz.
This susceptibility is different from the calculated bulk value
of �124, since the latter does not correspond to dipole flipping.
(c) Response of the strain �3 to the applied electric fields in
four different wires considered in (a). (d) Piezoelectric coef-
ficient d33 (of stage II) as a function of the wire length. Symbols
in this figure show the direct results of the simulations, while
lines are guides for eyes [except in (b), where the analytically
fitted result for the poling field is shown].
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to move freely and will thus cause strong screening, the
organic capping materials used in colloidal FE nano-
particles [1,2,7] are insulators of large gap (�10 eV)
and the resulting screening is very small. As the dot
increases in size to 24	 24	 24, the local FE displace-
ments tend to order between each other via the formation
of eight rather uniform ferroelectric domains [Fig. 1(d)].
The polarization of each domain in Fig. 1(d) is found to
point along one of the eight pseudocubic [  1 1 1]
directions. The macroscopic polarization of the entire dot
remains as zero.

The displacement pattern in Fig. 1(a) results from a
new balance (with respect to the bulk case) between the
LR and SR interactions in dots, and can be simply ex-
plained as follows. First, let us consider the LR dipole-
dipole interaction alone for two isolated dipoles [with
four specific orientations illustrated in Fig. 1(e)]; the
lowest-energy configuration is that these two dipoles
both point at the same direction along the dipole axis
[case (i) in Fig. 1(e)]. Indeed, it can be seen in Fig. 1(a)
that the dipoles belonging to a same row have their
parallel-to-dipole-axis (i.e., the z axis) components
aligned along the same direction. (Note that dipoles on
the dot surfaces are exceptions, see below.) Next, let us
select a given row in Fig. 1(a), and note that the dipoles
located near the nanoparticle surfaces in this row tend to
have large parallel-to-surface (‘‘in-plane’’) components
with their normal components suppressed by the vacuum;
these inplane components (being perpendicular to the
dipole axis) shall flip their directions [since case (ii) has
a lower energy than case (iii) in Fig. 1(e)]. However, this
flip of the component perpendicular to the z axis does not
occur within the nearest cell [see Fig. 1(a)], since we
found that it will otherwise drastically increase the
short-range energy. Instead, the flip occurs across the
entire dot, forming the unusual pattern in Fig. 1(a).

Now we turn our attention to electric-field effects
in nanoparticles. More precisely, we are particularly in-
terested in revealing the size dependences of these ef-
fects. We decide to elongate the nanoparticles only along
the z axis (that is, the applied-field direction) to mimic
quantum wires, partly because increasing the dot size
along all three dimensions is computationally prohibitive.
Figure 2(a) shows the resulting net z axis mode average
huzi and clearly indicates that the same electric field
induces a larger polarization per five-atom cell in a long
wire than in a short wire. Field effects in FE dots thus
depend substantially on sizes. This is the first time that the
size dependence of field-induced polarization is firmly
established (to our knowledge). Figure 2(a) further re-
veals that a small electric field in long wires drives a
rapidly increasing polarization and thus easily turns
a (macroscopically) paraelectric FE nanostructure into a
(macroscopically) ferroelectric phase. Here we define the
poling field Epf as the field that is needed to drive a net
average displacement huzi equal to the bulk value of
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0.02a. The poling fields for different-size wires are given
in Fig. 2(b), and drastically decrease when increasing
size. More precisely, fitting our theoretical data in
Fig. 2(b) as a function of size gives Epf � 38:1966=Ln

z
with n � 0:7821, where Epf is in unit of 108 V=m and Lz
in unit of nm.

Our predictions provide explanations and/or suggest
reinterpretations of many experimental results. For in-
stance, no detectable polarizations were probed by elec-
trostatic force microscopy along the perpendicular
directions of both as-deposited BaTiO3 nanowires [3]
and as-grown PZT films [5]. This can be simply explained
by the vanishing net polarizations we found in dots and in
wires [see, e.g., Fig. 1(a)]. Our findings further suggest
that the nondetectable polarization in PZT films may not
be due to the electrostatic passivation of additional
charges at sample surfaces as it was speculated [5], but
rather results from the ‘‘intrinsic’’ arrangement of local
dipoles. Moreover, it was found experimentally [3] that a
field of 3:6	 108 V=m is needed to ‘‘write’’ a polariza-
tion along the perpendicular direction of an 18 nm-
diameter BaTiO3 wire, which is in excellent agreement
with our predicted value of 3:98	 108 V=m obtained
from the formula given above.

We now provide a microscopic understanding of the
field-induced responses in FE dots. We find that the
257601-3
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responses in Fig. 2(a) can be separated into three stages
according to their huzi-vs-field behaviors, and here we use
the 12	 12	 12 dot to illustrate these stages. (1) At stage
I (that occurs at field E< 109 V=m), the dipoles pointing
opposite to the field direction are sequentially flipped
[Fig. 1(b)]. The flip process occurs first near the domain
boundary, while dipoles on the dot surface are found to be
more resistant to the applied field [see Fig. 1(b)]. Stage I
generates a polarization that varies linearly with the field
strength [Fig. 2(a)]. The slope (i.e., dielectric susceptibil-
ity) is given in Fig. 2(b) for different wires and is found to
increase linearly with the wire length. (2) At stage II
(109 <E< 4	 109 V=m), the dipoles start to rotate to-
wards the field direction as the dipole flips of stage I have
been completed [Fig. 1(c)]. Stage II differs from the
polarization rotation in bulk [26,27] in that, prior to the
rotation, local dipoles in dots are not parallely aligned as
in bulk. Interestingly, this second stage yields a strong
nonlinear field dependence of polarization [Fig. 2(a)]. (3)
At stage III (E > 4	 109 V=m), with the dipoles having
all been previously rotated along the field direction, the
magnitude of each dipole then starts to be enlarged by the
field, resulting in a nearly linear field-dependent polar-
ization again.

Finally, we examine the electromechanical response in
FE wires. The field-induced �3 strains are depicted in
Fig. 2(c). At stage I, the strain response is found to be
surprisingly small though there is a rapid increase in
polarization, which suggests that polarization does not
couple with strain during the dipole flipping process. At
stage II, the strain increases evidently with the field
strength [Fig. 2(c)]; the strain-vs-field slope is the piezo-
electric coefficient d33. The d33 values are given in
Fig. 2(d) for different wires, and exhibit a monotonous
increase with size. Interestingly, the d33 coefficients in
nanoparticles (�10 pC=N) are found to be much smaller
than in bulk (�77 pC=N), suggesting that the electro-
mechanical response can be drastically modified by vary-
ing sizes.

In summary, we have performed a pioneering study of
ferroelectric quantum dots and wires using a micro-
scopic first-principles based approach. We find: (i) Large
ferroelectric off-center displacements exist in very small
(�5 nm) dots. This result solves a long-standing puzzling
question in experiments, namely, whether there exists
ferroelectricity in colloidal FE dots under zero field.
This discovery also opens a possibility of tremendous
increase in FE-memory density. (ii) FE displacements
in dots exhibit an unusual and hitherto-unknown vortex
pattern. This pattern is found to cause rather peculiar
field-induced polarization responses. (iii) The ferroelec-
tric instability in dots is found to be robust against the
organic capping materials. (iv) The poling field is pre-
dicted to decrease drastically with increasing size, which
is important for practical controls of FE nanostructures
by use of external electric fields. (v) The polarization
257601-4
responses of FE dots at stage II are found to be strongly
nonlinear, while the electromechanical responses in dots
are found to be remarkably smaller than those in the bulk.
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