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ABSTRACT

The behavior of an uniaxially pulse-loaded ferroelectric nanowire is simulated using a Landau-Ginzburg type thermodynamic model. Our results
show that under a load of suitable magnitude and frequency, an appropriately dimensioned ferroelectric nanowire can produce a sizable alternating
current voltage, sufficient for applications as a nanopower source for energy harvesting, or as an effective nanomechanical sensor.

Theories and experiments on ferroelectric thin film (TF),
nanoparticles (NP), nanodisks (ND), nanobars (NB), nano-
rods (NR), nanowires (NW), and nanotubes (NT) indicate
that their phase-transition or near-phase-transition properties,
such as the Curie temperature, polarization, and susceptibility,
are very sensitive to applied stresses. Thus, stresses produced
by surface tension have been known to significantly affect
the Curie temperature and other related properties.1-6 Indeed,
the transition temperature and Curie-Weiss relation of
ferroelectric NT have also been found in our own work7 to
depend on stresses generated from effects such as surface
tension and surface effect, resulting in remnant polarization
and coercive fields that may exceed the bulk values.

Although a quantitative and detailed investigation of the
effects of mechanical loads on the physical properties of a
ferroelectric NW has yet to be performed, the general
dependence of the para/ferroelectric transition on an applied
load has led several authors to experiment with the idea of
alternating current (ac) generation using a pulsed mechanical
load. Indeed, Wang et al.8-10 demonstrated the feasibility of
dc generation based on the conversion of mechanical loading
in the form of bending of single piezoelectric NWs, such as
ZnO and GaN NWs, using the tip of a conductive atomic
force microscope (AFM). Yu et al.11,12 succeeded in generat-
ing periodic charge and ac voltage from a single-crystal
BaTiO3 NW subjected to a pulsed tensile load, suggesting
the feasibility of using such perovskite piezoelectric nanow-
ires for efficient energy-harvesting applications.

In the present work, we consider the combined effects of
sample dimension, surface tension and pulsed mechanical

loads on the properties of a ferroelectric NW. A thermody-
namic model based on the Landau-Ginzburg free-energy
functional is used, in which work due to the mechanical and
electrical loading, both internal and external, are taken into
account. The dynamic behavior of the sample is simulated
by solving the associated Euler-Lagrange equation as a
function of time. The transition temperature, polarization,
and the ac current generated are calculated as a function of
the sample dimensions and mechanical load. The efficiency
and usefulness of ferroelectric NWs as an ac voltage
generator is evaluated.

Formulation. The System Free Energy. We use as
thermodynamic reference a ferroelectric crystal in which
there are no applied fields,7,13-17 that is, electric, magnetic,
and mechanical (internal or external). Let P be the spontane-
ous polarization of the reference crystal. The application of
an electric field E (including the external electric field Eext

and the depolarization field Ed) also induces a polarization
PE. To the lowest order, PE is linearly proportional to E and
can be written as PE ) �bE, with background susceptibility
�b, which is characteristic of the background materials far
from the phase transition in paraelectric state. The total
polarization PT is therefore a sum of P and PE. The electric
displacement is then15-17

D ) ε0E + PT ) ε0E + �bE+P ) εbE+P (1)

where ε0 are dielectric constants of the vacuum. εb ) ε0 +
�b is the dielectric constant of the background material. When
surfaces are introduced, effects of the depolarization field
have to be added. Indeed, in the absence of an external
electric field, the total electric field has only one contribution
that is the depolarization field Ed, that is, E ) Ed, the electric
displacement is given by15-17
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D ) ε0Ed + PT ) ε0Ed+�bEd + P ) εbEd + P (2)

According to Landau-Lifshitz,16 the free-energy can be
expressed as a functional of the functions P and E, given
by G (P,E) ) G(P,E)|E ) 0 -∫0

ED·dE. Here we note that
G(P,E)|E)0 is the free-energy functional of the field-free,
uniform, and infinite (surfaceless) crystal that we use as
reference. We note that expressed this way, quasi-equilibrium
evolution of the system away from the reference state due
to the application of the electric field E is governed by the
dynamic equation ∂G/∂E ) -D.

In this work, we consider a ferroelectric nanowire (FNW)
sandwiched between metal electrodes as shown in Figure 1.
The FNW is assumed to be a perfect insulator with short-
circuited electrodes, with length and radius denoted by h and
R, respectively. To simplify the formulation and computation,
axial symmetry is assumed, so that all vector fields in the
NW are directed in the z-direction, and all the foregoing
vectors can be represented only in terms of their magnitudes.
In this regard, we note that the directions of the polarization
are not necessarily all along the z-direction, and radial
components should be considered in general. Nevertheless,
under short-circuit electric condition, the radial compression
due to the surface tension, and the uniaxial loading along
the z-direction, the polarization is most easily aligned along
the z-direction.

Under short circuit boundary conditions, the depolarization
field can be estimated by EFE ≈ -η(R,h)[P(z,r) - qe]/εb,
where qe is the compensation charge density at the top and
bottom electrodes, which can be expressed as qe ) 〈P〉 )
1/V ∫∫∫V PdV under conditions of electrostatic equilibrium,
where V is the volume of FNW. η(R,h) can be estimated
using the relation η(R,L) ≈ 1/[1 + (h/2R)2].4 In the present
work, we only consider cases where the ratio h/2R g 10.
The corresponding value of η(R,h) is less than 1%, thus
justifying the neglect of the depolarization field EFE in the
present paper.

Taking into account the surface tension and the uniform
external applied stress σz, the total free energy F of the FNW
can be written with the field-free infinite crystal as a reference
state as4,13,17

F) 2π∫-h ⁄ 2

h ⁄ 2
dz∫0

R
rdr{ [R2 - 2Q12σs(µ, R)-Q11σz]P2(r, z)

+ �
4

P4(r, z)+ γ
6

P6(r, z)+ g
2

[∇ P(r, z)]2 - (s11 + s12)σs
2(µ, R)

-1
2

s11σz
2 - 2s12σs(µ, R)σz} +Fs, (3)

where R, �, and γ are the free-energy expansion coefficients
of the corresponding bulk material, with R ) R0(T - Tc0),
and R0 being proportional to the inverse Curie constant. Tc0

is the Curie temperature of the reference bulk crystal (field-
free and surfaceless). g is the gradient coefficients base on
Landau-Ginzburg theory.18-20 Q11 and Q12 are the compo-
nents of the electrostrictive tensor. s11 and s12 are components
of the elastic compliance tensor. σs(µ,R) is the uniform
compressive radial stress induce by the surface tension, given
by σs(µ,R) ) -µ/R.1,2,4,5,7,21 µ is the effective surface tension
coefficient. σz is the external applying stress along the
z-direction determined by the external applying force f, and
σz ) f/(πR2). Fs is the energy associated with the near-surface
depolarization that include the planar end surfaces and the
cylindrical sidewall.22,23 Following refs 4 and 7, we assume
that Fs can be empirically represented via the corresponding
extrapolation lengths δu-p and δs-w, and expressed in the
following form:

Figure 1. Schematics of a ferroelectric NW under the effective
radial pressures and external mechanical stress load with (a) open-
circuit boundary condition, (b) short-circuit boundary condition.

Figure 2. (a) The normalized Tc/Tc0, and (b) P/P0 at room
temperature of NW with different tensile stress loads.
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Fs ) g∫0

R 2πr
δu-p

dr[P2(r, z) h ⁄ 2)+P2(r, z)-h ⁄ 2)]+

g∫-h⁄2

h⁄2 2πR
δs-w

dzP2(r)R, z) (4)

Effect of Mechanical Load. In variation of the free energy
eq 3 with respect to P yields the Euler-Lagrange equations,
the time evolution of the system is governed by the time-
dependent Landau-Ginzburg (TDLG) equation,3,13,14 which
can be written as

∂P(t, z, r)
∂t

)-M
δF

δP(t, z, r)

)-M{R/P(t, z, r)+ �P3(t, z, r)+ γP5(t, z, r)-

g[ ∂2P(t, z, r)

∂z2
+ 1

r
∂

∂r(r ∂

∂r
P(t, z, r))]} (5)

where R* ) [R0(T - Tc0) + 4Q12(µ/R) - 2Q11σz], and M is
the viscosity coefficient that causes the delay in motion of
dipole moments. δF/δP is the thermodynamic driving force
responsible for the spatial and temporal evolution. The
surface term in eq 3 yields the boundary condi-
tions4,7,13,18,19,24,25

∂P(t, z, r)
∂r

)-P(t, z, r)
δs-w

, for r)R, and

∂P(t, z, r)
∂z

) - P(t, z, r)
δu-p

, for z) ( h
2

, (6)

Analytic expressions have been derived for the Curie
temperature and critical thickness of ferroelectric TF and NT
using the TDLG.7,13 Results show that the phase transition
temperatures are insensitive to the film thickness, tube radius
and surface conditions. Analytically solving the nonlinear
thermodynamic eqs 5 and 6 to obtain the evolution of the
polarization field in the FNW is a cumbersome exercise. In
this paper, we adopt the more convenient numerical approach
instead, a finite difference method for spatial derivatives and
the Runge-Kutta method for temporal derivatives are
employed.18,19,24-26

The study in this paper is conducted for a PbTiO3 NW,
which has been successfully fabricated and implemented
recently. Since typical values of the effective surface tension
coefficient vary between 5 to 50 N/m,1,4,7,18 we only use a
value of µ ) 15 N/m. Other material constants, such as the
electrostrictive and elastic coefficients,27 the gradient coef-
ficients,18-20 the extrapolation lengthes,3 are well known and
listed in SI units as the following: R ) 7.6 × 105 (T - Tc0),
Tc0 ) 752, � ) -2.29 × 108, γ ) 1.56 × 109, g ) 3.46 ×
10-10, Q11 ) 0.089, Q12 ) -0.024, s11 ) 8 × 10-12, s12 )
-2.5 × 10-12, δs-w ) δu-p ≈ 3 × 10-9, tM ) tM × 10-3,
h/2R ) 10.

We first start with an infinitesimally positive polarized
region at a random location at a constant temperature near
phase transition. In the ferroelectric region, the initial
perturbation will spread and grow into a stable polarization
configuration. On the other hand, in the paraelectric region
the initial polarized region will shrink away. Using this

method, one can determine the relation between the phase
transition temperature and the radius of the FNW. The phase
transition temperature7,13 Tc as a function of the radius R for
different external applied stresses σz is as shown in Figure
2a. In the absence of the external load, that is, σz ) 0 GPa,
the effect of the surface tension can be immediately discerned
from the peak of the transition temperature Tc

max ≈ 1.4Tc0 at
R ≈ 3 nm. For comparison, the calculation is repeated for
external applied uniaxial tensile stresses of 1 and 2 GPa. It
can be seen that in the present case an applied tension always
raises Tc. For example, the maximum of phase transition
temperature can more than double, reaching Tc

max ≈ 2Tc0 at
σz ) 2 GPa. As the compression due to the surface tension
and external tensile stress stop to increase beyond the yield
point, the surface effect described by the extrapolation length
starts to dominate and lower the transition temperature as R
decreases further. As a result, Tc shows a maximum of Tc

max

≈ 2Tc0 at a radius of R ≈ 3 nm. From Figure 2a, the critical
radius of the NW at which Tc vanishes, that is, ferroelectricity
disappears permanently, can also be obtained. Similar
observations for the existence of the critical ferroelectric size
in NWs and thin films have been discussed in refs 4, 5, 7,
and 13. Interestingly, besides increasing the transition
temperature, the application of an external tensile stress also
affects the polarization in the NW significantly. By solving
eq 5, we obtain the average polarization of a PTO NW at
room temperature as a function of radius R, which we plot
in Figure 2b for different applied stresses, where P0 is the
spontaneous polarization of the reference bulk in which there
is no applied fields. The similarity between Figure 2, panels
a and b, is clear. Figure 2b also demonstrates the existence
of a critical radius Rc of about 1.2 nm, below which the
polarization disappears.

AC Generation under a Pulsed Load. We now investigate
the response of a single FNW to an alternating tensile and
compressive load, as shown Figure 1. Two time-dependent
loading patterns are considered

(a)

σz(t)) σ∆(t))

{ σ0
2(t- nT∆)

T∆
, nT < te (n+ 1 ⁄ 2)T

σ0
2[(n+ 1)T∆ - t]

T∆
, (n+ 1 ⁄ 2)T < te (n+ 1)T

(7a)

and
(b)

σz(t)) σ∩(t)) σ0|sin(2πt

T∩ )| (7b)

Here σ0 and T∩ ) 2T∆ are the amplitude and period of
the external applied stress, respectively. Naturally, the
corresponding applied force is given by fz(t) ) πR2σz(t). The
evolution of the polarization P can then be calculated by
solving the corresponding TDLG eq 5. Under an external
axial load (see Figure 1) the average charge density in the
electrodes qe is governed by 〈P〉 as a function of the surface
tension and external mechanical load. The current I can be
described according to I ) dQe/dt ) πR2dqe/dt, where Qe is
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the total charge in the electrodes. Here dqe/dt is the current
density.

It is expected that the voltage across the electrodes will
change in response to the change of the polarization field in
a short-circuited NW, when the transition temperature
changes. This voltage is transient in nature and drives an
electric current across the electrodes, which lasts only until
the polarization charge in the NW, or the lack of it, is
completely balanced by the free charges driven across.

In general, one must consider in detail the effects of the
time lag between the relaxation of the polarization field and
that of the compensating free charges.28-30 We note that the
kinetic coefficient M should vary with the size of the NW
and the temperature. When the FNW is in the ferroelectric
state away from the phase transition point, M is large. On
the other hand, when the FNW is close by the transition
point, the value of M would drastically reduce. In the present
study, we assume the former case and use the generalized
time as tM ) tM as in many other works for investigating

kinetic properties of ferroelectrics based on TDLG and
Landau-Khalatnikov (LK) equations.13,18,19,24-26 In our
calculation, we neglect for simplicity the transient assuming
it is short compared to the cycle time of the mechanical load.
Under this assumption, the time lag between the mechanical
load and the response of the polarization charge compensa-
tion may be neglected if the frequency of mechanical load
is not excessively high.

As described in the previous section, the steady polariza-
tion P can be obtained numerically from the TDGL of eq 5.
Figure 3 shows the responses of 〈P〉 (Figure 3b, e) and current
density (Figure 3c,f) of the NW system to the cyclic
mechanical loads (Figure 3a, d). Here the external mechanical
force fz is only from 0 to 0.628 µN. The response can be
seen to be highly sensitive to external mechanical force. An
ac with current density can be generated using a periodic
tensile load on the order of micro-Newtons. Figures 4 shows
the effect of the magnitude of the mechanical load on the
polarization and current of PTO NW. Figure 5 show the

Figure 3. Under (a) a tensile stress load as σz ) σ∆, (b) response of the average polarization, (c) the current density of NW system with
short-circuit condition. Under (d) a tensile stress load as σz ) σ∩, (e) response of average polarization, (f) the current density of NW system
at room temperature.
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dependence on the dimensions of the FNW. They are all
significant.

We note that in the foregoing we only consider the
operation mode in which the FNW is always in the
ferroelectric state. One may also consider another operation
mode of higher efficiency and sensitivity in which the system
is driven across the phase transition, in which case the
calculation would be more complicated, and the time lag
between the driving mechanical load and the generated ac-
voltage has to be considered more carefully.

In summery, using a thermodynamic model, the transition
temperature, polarization of a ferroelectric nanowire near the para/
ferroelectric transition is calculated numerically as functions of the

applied mechanical load and the sample dimensions. Using the
same methodology, the possibility of generating a useful alternating
current from a single ferroelectric nanowire by applying a cyclic
mechanical load is also investigated. The mechanically induced
electric current is found to depend on the applied force and the
dimension of the nanowire. These results show that ferroelectric
NWs (or NRs and NBs) have sufficient strength to be potentially
useful in applications such as a nanoscale ac generator for energy
harvesting and as mechanical sensors of ultrahigh sensitivity.
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