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Abstract We propose an efficient method to compute the
dielectric permittivity of nanostructures by combining first
principles density functional perturbation theory with
effective medium theory. Specifically, ultrathin axially
symmetric ferroelectric PbTiO3 nanowires are considered.
As established previously by Pilania and Ramprasad (Phys
Rev B 82:155442, 2010), (4 9 4) PbO-terminated nanowire and (4 9 4) TiO2-terminated nanowire display,
respectively, a uniform axial and a vortex polarization in
their ground state configurations (the latter with a non-zero
axial toroidal moment). Both nanowires, regardless of the
lateral surface termination, display a significantly larger
dielectric constant value along the axial direction, and
diminished values along the off-axis directions, as compared to the corresponding bulk values. Our results further
suggest that the nanowires with unconventional vortex-type
polarization states are expected to have an increased
dielectric response as compared to those with conventional
uniform axial polarization. The method proposed here is
quite general and readily extendable to other zero-, one-,
and two-dimensional nanostructures.

Introduction
Due to an attractive combination of tunable ferroelectric
and dielectric properties, ferroelectric nanostructures have
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an immense potential for many technological applications
[1–11]. The delicate phenomenon of ferroelectricity—
defined as the presence of spontaneous and switchable
lattice polarization—is strongly modulated by electrical,
physical, and mechanical boundary conditions [12-15]. As
a result, the polarization and dielectric response of ferroelectric nanostructures has remained uncertain. For
instance, the absence of adequate screening and uncompensated surface charges in nanostructures result in depolarizing fields. Below a critical length scale, it is believed
that the depolarizing fields may lead to vanishing polarization along the reduced dimension, and consequently, to
the suppression of ferroelectric phase transitions [16].
While the elimination of ferroelectricity due to reduced
dimensionality may be one possibility, it has been conjectured that a second possibility is the formation of closure
or vortex electric dipole configurations. This expectation
has been motivated by effective Hamiltonian [17–20] and
first principles simulations [21–26], indirect experimental
data [27, 28], and analogy to ferromagnetic nanostructures
[29–31]. A vortex or closure dipole configuration is characterized by a non-rectilinear arrangement of local polarization vectors, and could lead to a non-zero net
polarization along the reduced dimensions. Such closure
domains thus allow for the elimination of the depolarizing
fields while still satisfying the propensity of the system to
be polarized (albeit locally). In fact, our own recent
parameter-free first principles computations have shown
the existence of such polarization ordering in PbTiO3 [21]
and BaTiO3 [22] nanowires. The critical size for the genesis of a vortex polarization state in these nanowires was
found to be 16 Å at zero temperature. Figure 1 captures the
essence of our findings for the PbTiO3 nanowires, and
shows that the (4 9 4) PbO-terminated nanowire displays a
pure axial polarization in its ground state, while the
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we report and discuss the dielectric properties of PbTiO3
nanowires. Finally, the article is concluded.

Theoretical details
Computational details

Fig. 1 Top and side views of a (4 9 4) PbO-terminated PbTiO3
nanowire and b (4 9 4) TiO2-terminated PbTiO3 nanowire investigated in this study. c Rectilinear axial and d non-rectilinear vortex
ground state polarization configurations, predicted for the PbO- and
TiO2-terminated wires, respectively [21]. The arrows in the two
bottom panels indicate the direction of the dipole moments in the
primitive unit cells

(4 9 4) TiO2-terminated nanowire allows for the occurrence of a non-rectilinear vortex state.
Although polarization ordering phenomena in ferroelectric nanostructures have been addressed in the past, the
dielectric constant of such nanostructures—an important
property in its own right—has not been determined from
first principles to-date. In this contribution, we address the
dielectric response of PbTiO3 nanowires, both in the
presence of rectilinear as well as non-rectilinear polarization states. While the computation of the dielectric constant
of bulk materials is currently straightforward [32, 33], that
for nanostructures which contain surfaces is non-trivial.
Important advancements have indeed been made in the
latter area in the recent past [34–44]. The difference in the
dielectric response of the surface atoms relative to the
atoms in the bulk, and the proper definition of the volume
occupied by the system have been challenges. In this study,
we employ density functional perturbation theory (DFPT)
combined with effective medium theory to directly obtain
the dielectric permittivity of PbTiO3 nanowires. The
method is readily extendable to other materials with different levels of dimensionality.
The rest of the paper is organized as follows. In ‘‘Theoretical details’’ section, we describe the computational methods and model details employed here to calculate the dielectric
constants of nanowires. In ‘‘Results and discussion’’ section,
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Ab initio calculations based on the density functional theory (DFT) [45, 46] were carried out using the Vienna
ab initio simulation package (VASP) [47, 48]. The electronic wave functions were expanded in plane-waves up to
a cut-off energy of 500 eV. The electron–ion interaction
was described by the projector-augmented wave (PAW)
potentials [49, 50], which explicitly included the Pb 5d, 6s,
and 6p, the Ti 3s, 3p, 3d, and 4s, and the O 2s and
2p electrons in the valence states. To evaluate the
exchange-correlation energy, we employed the local density approximation (LDA) of the Ceperley–Alder form
[51], because the generalized gradient approximation
(GGA) significantly overestimates both the equilibrium
volume and the c/a ratio of PbTiO3 [52]. We use a
1 9 1 9 6 Monkhorst-Pack sampling of the Brillouin-zone
integrations [53] for the nanowires considered in this study.
The convergence of the present calculations with respect to
k-point mesh and plane-waves cut-off energy have been
checked thoroughly. In this study, free standing, infinitely
long and axially symmetric (4 9 4) PbO- and TiO2-terminated nanowires were modeled using periodic boundary
conditions with their axis along the [001] direction (cf.
Fig. 1a, b). Note that irrespective of the nanowire sidewall
termination (i.e., PbO- or TiO2-termination), both the wires
have an alternate stacking of PbO and TiO2 planes along
the axial direction. A vacuum of at least 12 Å was used to
prevent any unphysical interactions between a wire and its
periodic images along the transverse directions.
The electronic structure, ground state geometry, and
polarization configurations for the PbTiO3 nanowires
considered here have been discussed in detail in our previous study [21]. While both the (4 9 4) PbO- and (4 9 4)
TiO2-terminated PbTiO3 nanowires show ferroelectric
instability, the nature of the ferroelectric polarization
revealed by the ground state configurations in the two
nanowires is quite different. As shown in Fig. 1c, the
(4 9 4) PbO-terminated wire bears a uniform axial polarization (90.53 lC/cm2) comparable to that of bulk PbTiO3
(85 lC/cm2 at the room temperature [54]). The ground
state of the (4 9 4) TiO2-terminated nanowire turns out to
be a pure vortex state, with the local polarization vector
forming a closed loop in the plane normal to the axis, as
depicted in Fig. 1d. This nanowire shows a zero net
polarization along x, y, and z directions, and a non-zero
moment of polarization along the axial direction.
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Procedure to compute dielectric permittivity
The dielectric constant of the nanowires in the supercell
geometry was evaluated using the DFPT [32, 33]. We note
though that the dielectric constant provided by DFPT
includes the contributions from the nanowire as well as the
intervening vacuum region of the supercell. Treating the
supercell as a vacuum-nanowire composite and using the
appropriate formulae from effective dielectric medium
theory, as described below, enables us to further extract the
permittivity (both optical and static contributions) of just
the nanowires.
According to the Maxwell–Garnett equation, which can
be considered as an extension of the Clausius–Mossotti
relation, the principal components of dielectric permittivity
of a vacuum-filler composite ðii Þ containing a volume
fraction gv of polarizable fillers (i.e., nanowires, in the
present case) with dielectric permittivity (wire
ii ) can be
written as [55]
ii  1
wire
1
ii
¼ gv
1 þ ðii  1ÞPi
1 þ ðwire
 1ÞPi
ii

ð1Þ

the external applied electric field and therefore justify using
the screening charge density as a criterion to place a
boundary between the nanowires and the vacuum region of
the supercell. Specifically, the size of the wire along the
off-axis direction was taken to be the distance between the
two points where the linear extrapolation of the sharp drop
in the outermost peak of the screening charge density goes
to zero (as shown in Fig. 2), omitting the slowly decaying
tail of the screening charge density.
For each of the nanowires, we perform three different
DFPT calculations by varying the supercell volume, and
hence, the volume fraction, gv. More specifically, the supercell dimension along the x and y directions was kept
fixed at 28, 32, and 36 Å in the three separate calculations,
while the supercell dimension along the z direction was
always kept fixed at the corresponding relaxed (or equilibrium) c lattice parameter of the nanowire. The volume
occupied by each nanowire was then determined using the
off-axis dimension, determined as discussed above, and the
axial periodic repeat distance. A plot of the left-hand side
expression of Eqs. 2 and 3 versus gv should lead to a linear
value.
relationship, with the slope providing the wire
ii

where i (=x, y, z) represents the cartesian axes and the Pi
are the geometry-dependent depolarizing factors, which are
tabulated in the literature [56–58]. For the case at hand,
assuming that the nanowires are oriented along the z
direction, Px = Py = 0.5, and Pz = 0. This leads to the
following relations for the off-axis and axial components of
the dielectric permittivity:.
xx  1
wire  1
¼ gv xx
xx þ 1
wire
xx þ 1

ð2Þ

zz ¼ gv ðwire
zz  1Þ þ 1

ð3Þ

wire
may be determined from the above equations via a
ii
knowledge of gv, and the ii values obtained from the
DFPT calculations. Determination of gv, however, is nontrivial. Owing to the slowly decaying nature of the charge
density itself, we use the induced screening charge density
to quantify the volume occupied by the nanowire (and
hence, gv). To do this, an electric field of strength
0:01 V=Å was applied along the off-axis (non-periodic)
direction for each of the wires in their ground state
configurations, and the field-induced total charge density
(i.e., the screening charge density) was calculated as the
difference between the total charge density due to the
oppositely directed fields. The calculated planar average of
the screening charge distribution (qscr(x)) is shown in
Fig. 2 for each of the two nanowires. From Fig. 2, we can
see that the screening charge piles up at the surface of the
nanowires and is mainly confined above the surface atoms.
These surface charges are responsible for the screening of

Fig. 2 Planar-averaged screening charge distribution of a PbOterminated PbTiO3 nanowire and b TiO2-terminated PbTiO3 nanowire
along the x axis, calculated for an electric field of ±0.01 V/Å. The
estimated size of the each nanowire is also indicated in the respective
panels
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fractions gv, are plotted in Fig. 3a, b for the (4 9 4) PbOterminated nanowire and Fig. 3c, d for the (4 9 4) TiO2terminated nanowire. It can be seen that a linear behavior
as expected from the Eqs. 2 and 3 is indeed followed
between the term on the left-hand side of those equations
and gv, with the slope allowing us to calculate dielectric
permittivity contribution due to the nanowires alone. The
calculated optical and static dielectric permittivity values
for the two nanowires are reported in Table 1 and Fig. 4.
Several important observations can be made from
Table 1 and Fig. 4. First, we note that the dielectric constant of the TiO2-terminated nanowire (bearing a vortex
polarization configuration) is higher than that of the PbOterminated nanowire (displaying axial polarization) in both
the axial and off-axis directions. Second, the off-axis
component of the optical and static dielectric constants of
both the nanowires are significantly smaller than the corresponding values of the bulk material in the same direction. This can be attributed to the depolarizing fields which
severely limit the net polarizability of the wires along nonperiodic directions. Moreover, the difference in the off-axis
dielectric constant of the two differently terminated nanowires is minimal (although the ground state polarization
states are very different)—the reason again being that any
differences in the dielectric response is ‘‘quenched’’ by
depolarizing fields. Third, the axial components of the
dielectric constant of the nanowires are markedly larger
than those of the corresponding bulk in the same direction.
Interestingly, in the case of the PbO-terminated nanowire,
this increase is largely due to the optical contribution to the
dielectric constant, and the ionic contribution is roughly the

Results and discussion
As a validation of the computational methodology adopted
in this study, we first calculate the optical (the high frequency, or the electronic) and static (the low frequency, or
the ionic plus electronic) dielectric permittivities of bulk
PbTiO3 in both the high temperature cubic and the ground
state tetragonal phases. Our results are presented in
Table 1. The calculated optical dielectric permittivity of
the cubic PbTiO3 is in excellent agreement with the corresponding experimental [59, 60] and theoretical [61]
results reported in the literature. Unlike the cubic phase, the
tetragonal PbTiO3 has two principal dielectric constants.
Based on Raman scattering measurements of clamped
single domain PbTiO3 crystals, Frey and Silberman [63]
have reported high frequency dielectric constant values of
1;bulk
¼ 7:211 and 1;bulk
¼ 7:270 along the tetragonal c
zz
xx
and a axes, respectively, and static dielectric constant
¼ 30:4 and 0;bulk
¼ 125:6: Similar values,
values of 0;bulk
zz
xx
have also been reported by Fontana et al. [64] (0;bulk
¼ 32
zz
0;bulk
0;bulk
and xx ¼ 100) and Foster et al. [65] (zz
¼ 28:6 and
0;bulk
¼
106:9).
On
the
theoretical
side,
the
optical
and
xx
static dielectric constant values of 7.24 and 36.4, respectively, along the c axis have recently been reported by Yu
et al. [41] based on linear response calculations. Our calculated values for the tetragonal as well as for the cubic
phases of PbTiO3 (cf. Table 1) show an overall good
agreement with all these previously reported results.
Next we move our discussion to the dielectric permittivity of the nanowires. The results of our calculations for
various supercell sizes, i.e., various nanowire volume

Table 1 Calculated optical and static dielectric constants of PbTiO3 bulk in both the cubic and tetragonal phases (1;bulk
and 0;bulk
; respecii
ii
1;wire
0;wire
tively) and nanowires (ii
and ii ; respectively)
Optical
Bulk

Static

1;bulk
xx

1;bulk
zz

0;bulk
xx

0;bulk
zz

Cubic
This study

8.85

8.85

23.26

23.26

Other (experiments)

8.70 [59, 60]

8.70 [59, 60]

–

–

Other (theory)

8.24 [61]

8.24 [61]

–

–

Tetragonal
This study
Other (experiments)

Other (theory)

8.00

7.47

170.95

33.73

7.27 [62]

7.20 [62]

100 [64]

32 [64]
30.4 [63]

7.27 [63]

7.21 [63]

125.6 [63]

–

–

106.9 [65]

28.6 [65]

–

7.24 [41]

–

36.4 [41]

Nanowires

1;wire
xx

1;wire
zz

0;wire
xx

0;wire
zz

(4 9 4) PbO-terminated

6.29

28.92

10.73

58.77

(4 9 4) TiO2-terminated

5.60

27.16

12.98

80.29
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Fig. 3 Linear variations of
ðxx  1Þ=ðxx þ 1Þ (a) and zz
(b) as a function of the
fractional volume gv
(Vwire/Vsupercell) for the PbOterminated PbTiO3 nanowires,
as dictated by the 2D Maxwell–
Garnett mixing rule (cf. Eq. 2)
and the linear mixing rule (cf.
Eq. 3), respectively. c, d are
same as the (a) and (b) but for
the TiO2-terminated nanowire.
Open and closed symbols in
each of the panels have been
used for the optical and static
dielectric permittivity
components, respectively

same as in the bulk material (we note that the ionic contribution is just the difference between the static and
optical contributions). The behavior of the ionic contribution is consistent with the fact that both in the bulk and in
the PbO-terminated nanowire, the polarization state is
identical. In the case of the TiO2-terminated nanowire
(which bears a vortex polarization state), both the electronic (or optical) and the ionic contributions to the
dielectric constant are significantly higher than that of the
corresponding bulk. The enhancement of the ionic contribution can be explained by observing that, unlike the bulk

Fig. 4 Calculated dielectric permittivities of PbTiO3 bulk (tetragonal
phase) and the two nanowires. The corresponding experimental results
for the bulk PbTiO3 are also included for comparison [ref 62–65]

material, the nanowire bears no polarization along the axial
direction to begin with, and is hence polarizable along that
direction far more than the bulk.
While we may explain the behavior of the ionic contributions to the dielectric constant in terms of depolarizing
fields and the tendency for polarization along periodic
dimensions, the behavior of the optical (or electronic) part
of the dielectric constant is puzzling. We note that the
presence of mid-gap surface states may also lead to an
increased dielectric response through an effective narrowing of the electronic gap. To further confirm that the
predicted enhanced dielectric response in the PbTiO3
nanowires is indeed an intrinsic property of the material at
reduced dimensionality and is not due to the mid-gap states
arising as a result of the coordinative unsaturation at the
lateral surfaces of the nanowires, we analyze the density of
states (DOS) of the two nanowires. In this analysis, the
total DOS is decomposed in terms of the contributions due
to the core and shell regions, of the two nanowires. For
each of the two wires, the central four PbTiO3 units constitute the core region while the 12 peripheral units form
the shell region, as indicated schematically in the upper
panels in Fig. 5. The core (in blue) and shell (in red)
decomposed density of states are plotted in the lower
panels for the PbO- and TiO2-terminated nanowires,
respectively. The bulk DOS (black-dashed line) is also
included in each of the two figures for comparison. Our
analysis clearly reveals clean electronic bandgaps for both
the nanowires, which also translate to the thermodynamic
and chemical stability of these systems. The absence of any
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Fig. 5 Core- and shelldecomposed DOS for the
a (4 9 4) PbO-terminated
nanowire and b (4 9 4) TiO2terminated nanowire, in each
case normalized to a single
PbTiO3 unit. The core (four
PbTiO3 units at the center) and
shell (12 peripheral PbTiO3
units) regions used in the DOS
decomposition for the two
nanowires are shown
schematically in the upper part
of each of the panels. In each of
the DOS plots, blue and red
lines indicate the contributions
due to the core and shell
regions, respectively. Bulk DOS
for the tetragonal PbTiO3 is also
shown for comparison in each
of the two plots (dashed line)
(Color figure online)

mid-gap, or gap-narrowing features indicates that the
observed dielectric response is primarily due to reduced
dimensionality and the unusual polarization states inherent
to these nanowires.

Conclusions
In conclusion, we have determined the dielectric permittivity of ultrathin PbTiO3 nanowires employing a hybrid
approach that combines first principles DFPT calculations
with effective medium theory. The choice of PbTiO3
nanowires as a model system was motivated by both a
strong intrinsic tendency for polarization exhibited by bulk
PbTiO3 and the presence of conventional (axial) and
unconventional (vortex-type) polarization configurations in
ultrathin PbTiO3 nanowires. Our calculated dielectric
constants of bulk cubic and tetragonal PbTiO3 agree well
with previous experimental and theoretical work. Going
from bulk to ultrathin nanowires, our prediction of a
decrease in the dielectric permittivities along the off-axis
directions is attributed to the depolarizing fields along
those non-periodic directions. On the other hand, along the
axial direction, the dielectric permittivity shows a significant enhancement over the corresponding bulk value.
Moreover, we predict a higher dielectric constant along the
axial direction for the TiO2-terminated nanowire with
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ground state vortex polarization configuration as compared
to the PbO-terminated nanowire which displays a conventional rectilinear polarization along the axis. This prediction is consistent with the well-known notion that the
dielectric response is higher along a high symmetry
direction along which polarization is originally absent.
Furthermore, the core–shell-decomposed DOS analysis
shows the absence of any bandgap narrowing features,
thereby pointing to the chemical and thermodynamic stability of these systems.
While we have demonstrated the applicability of the
presented method for a specific case of PbTiO3 nanowires,
this simple procedure has a broader appeal, as it can be
readily extended to study other systems as well as other
situations with varying levels of dimensionality.
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