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Most technologically relevant ferroelectrics typically lose piezoelectricity above the Curie
temperature. This limits their use to relatively low temperatures. In this Letter, exploiting a
combination of flexoelectricity and simple functional grading, we propose a strategy for
high-temperature electromechanical coupling in a standard thin film configuration. We use
continuum modeling to quantitatively demonstrate the possibility of achieving apparent piezoelectric
materials with large and temperature-stable electromechanical coupling across a wide temperature
range that extends significantly above the Curie temperature. With Barium and Strontium Titanate, as
example materials, a significant electromechanical coupling that is potentially temperature-stable up
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869478]
to 900  C is possible. V
A piezoelectric material couples electric fields with mechanical stress and deformation. It enables the conversion of
stimuli and energy between electromagnetism and mechanics, and has important applications that range from energy
harvesting to artificial muscles.1 Perovskites such as Barium
Titanate (BaTiO3) and Lead Titanate (PbTiO3) are two
widely used materials that exhibit a fairly high electromechanical coupling.2–4 The piezoelectricity in these materials,
which are also ferroelectric, are driven by an asymmetric distribution of charges in the atomic unit cell. Above the Curie
temperature (Tc), the crystal structure transforms to a centrosymmetric state, and both ferroelectricity and piezoelectricity disappear. For example, at Tc ¼ 120  C in BaTiO3, it
transforms from a non-centrosymmetric tetragonal crystal to
a centrosymmetric cubic crystal. The loss of piezoelectricity
at such (relatively) low temperatures hinders their potential
application to areas ranging from hypersonics to oil extraction, which require high-temperature energy harvesting,
harsh environment sensing, and actuation, among others.
We exploit flexoelectricity as the first element of our
strategy to go beyond this limitation. Flexoelectricity denotes
the coupling between polarization and strain gradients; this is
in contrast to piezoelectricity that relates polarization to
strains. The difference between piezoelectricity and flexoelectricity can be readily observed from the following equation:
Pi ¼ eijk Sjk þ fijkl Sjk;l ;

(1)

where, Pi is the electric polarization, Sjk is the strain tensor,
eijk is the third order piezoelectric tensor, and fijkl is the fourth
order flexoelectric tensor. Flexoelectricity is a property that
is displayed by all dielectrics to some degree. Thus, in a centrosymmetric material, where the piezoelectric tensor e vanishes, non-uniform strains can still induce a polarization.
Flexoelectricity is mediated through the fourth-order tensor f,
and unlike e, symmetry principles permit its existence in all
0003-6951/2014/104(12)/122904/4/$30.00

types of crystal structure and not just non-centrosymmetric
crystals. For instance, while BaTiO3 will cease to be piezoelectric above Tc ¼ 120  C, it can still display flexoelectricity.
Flexoelectricity has recently received much attention, e.g.,
it suggests tantalizing possibilities such as creating effectively
piezoelectric materials without using piezoelectrics.5–10 In a
recent work, Chandratre and Sharma showed, using quantum
calculations, that merely by creating triangular holes in graphene nano ribbons, flexoelectricity enabled the ensuing structure to behave like a piezoelectric.11 Their central idea is
simple and the present work takes advantage of the following
observation. Consider a material consisting of two different
non-piezoelectric dielectric materials. Even under uniform
stress, the difference in the material properties at the interfaces
causes strain gradients. Those gradients will induce polarization
due to the flexoelectric effect. In a nanostructure, it is possible
to induce sufficiently large strain gradients that flexoelectricityinduced polarization is significant. Thus, such a nanostructure
will exhibit an overall electromechanical coupling under uniform stress behaving like a piezoelectric material. Accordingly,
predicated on this same concept, a functionally graded nonpiezoelectric material should appear to behave like a piezoelectric. A key requirement, however, is that the geometry should
be non-centrosymmetric. For example, uniformly stressed composites with spherical inclusions will exhibit spatially varying
polarization due to flexoelectricity, however, the average polarization will vanish. Similarly, bilayer superlattices will not exhibit an apparent piezoelectric response while a trilayer
superlattice will. Following this reasoning, compositionally
graded thin films must have asymmetric grading.
Several other works have studied flexoelectricity and its
implications:, e.g., Ref. 12 studied the impact of flexoelectricity on the dielectric properties and Tc of ferroelectrics,7,8
fabricated flexoelectric composites, and9,10 investigated the
renormalization in properties of ferroelectric nanostructures
due to the flexoelectric effect and analyzed consequent
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size effects. Composition grading has also been studied
in relation to polarization coupling in ferroelectrics—e.g.,
Refs. 13 and 14. The work in Ref. 15 showed that flexoelectricity plays an important role in increasing the pyroelectric
property of graded ferroelectric materials and16 investigated
the large built-in electric fields in graded ferroelectric thin
films due to flexoelectric coupling. In our previous work,5
we have computationally demonstrated the possibility of
designing such composites through suitable topologies, material property differences, and the selection of optimum feature sizes. Such topologies can be challenging to realize,
however, non-piezoelectric tapered pyramidal structures on
substrate that effectively act as piezoelectric materials have
been fabricated in experimental studies in Refs. 7, 17, and
18. Recent reviews of flexoelectricity include.19–21
This leads us to the second element of our strategy,
namely, functional grading. We emphasize that f is
temperature-dependent. In particular, it roughly follows the
dielectric constant of the material, which is itself a measure
of the mobility of charges in the atomic unit cell. Therefore,
f is larger in high-dielectric materials—such as ferroelectric
perovskites—and also gets much larger near Tc. However, Tc
can be tuned by changing the composition of the material,
e.g., Ref. 22 experimentally tuned the composition of
Ba0.67Sr0.33TiO3 to bring Tc to room temperature.
Compositional grading in a ferroelectric film provides a heterogeneous body with Tc a function of spatial position. Hence, for
a broad range of ambient temperatures, there will be some portion of the film whose local value of Tc coincides with the ambient temperature. That portion of the film will have a high
flexoelectric coefficient. Together with the notion that a heterogeneous flexoelectric medium behaves like an apparent piezoelectric and that both flexoelectric and dielectric properties are
likely to peak in at least one layer of the graded thin film structure, a high apparent piezoelectric response may be expected
across a wide range of temperature. That enables two positive
features: first, a higher effective flexoelectric response over a
broad range of temperatures, and second, temperature stability
of the flexoelectric response. Key elements of this strategy follow.23 Additionally, even when the entire film is above the
local Tc, the use of heterogeneous films provides a simple route
to applying an inhomogeneous strain that is required for flexoelectricity. Figure 1 presents a schematic description of the
dielectric permittivity variation within each layer.
The schematic of the thin film is shown in Figure 2. We
consider a candidate grading geometry as shown in the figure. The grading goes from pure Barium Titanate to pure
Strontium Titanate.
We model the thin film using a continuum approach.
Denote the volume occupied by the film as V, and it is subject
to an applied traction r0 on the boundary @V. The free energy
of the system is then given by the following expression:
F¼

FIG. 1. Schematic variation of dielectric permittivity with temperature.
When the ambient temperature is Tc1 , the dielectric permittivity has a spatial
variation given by the curve with the label Tc1 , and similarly when the ambient temperatures are Tc2 ; Tc3 ; ….

The notation above is as follows: P is the polarization vector
field, u is the displacement vector field, and U is the electric
potential field. Therefore, ru; rru, and rP are, respectively, the strain, strain gradient, and polarization gradient
fields.
The electric potential is obtained from the solution of
the electrostatic equation
0 U;ii þ Pi;i ¼ 0 in V;

ð0 U;i þ Pi Þni ¼ 0 on @V:
(3)

We use index notation with implied summations here and
below. We assume that there are no free charges. Under
these electrical boundary conditions, the field is confined to
the film and there are no stray fields external to the film.
Therefore,
we can simplify the electrostatic energy to read
Ð
2
0
jrUj
dV.
2 V
In this Letter, we are not concerned with ferroelectric
switching and related phenomena. The key feature of ferroelectrics that is relevant to the current calculation is the
behavior of the dielectric permittivity, e.g., that it is

ð

wðP; ru; rP; rruÞ dV
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
V

internal energy

ð
ð
0
2
þ
jrUj dV 
r0  u dS :
2 R3
@V
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄ}
electrostatic energy

boundary work

(2)
FIG. 2. Functionally graded thin film constructed from Barium Titanate and
Strontium Titanate with grading through the thickness.
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unbounded at Tc, has the correct temperature variation, and
so on. While electrostriction can have an important effect on
Tc itself, we have found numerically that, beyond Tc, the
electromechanical coupling is relatively unaffected and
accordingly left out of our calculations. We linearize about
the equilibrium state, and think now of P as the polarization
relative to the spontaneous polarization in the material. The
energy density w is then written24,25
1
1
1
w ¼ aij ðx; TÞPi Pj þ bijkl Pi;j Pk;l þ cijkl ðxÞui;j uk;l
2
2
2
1
þ dijkl Pi;j uk;l þ fijkl ðxÞuj;kl Pi þ gijklmn ui;jk ul;mn :
2

aP1  bP1;11  h1 u1;11  2h2 u2;21 þ U;1 ¼ 0

c1 u1;1 þ 2c2 u2;2 þ ðh1 P1 Þ;1  g1 u1;111  2g2 u2;211 ;1 ¼ 0

c2 u1;1 þ ðc1 þ c2 Þu2;2 þ ðh2 P1 Þ;1  g2 u1;111  2g2 u2;211 ¼ 0
(7)

(4)
The boundary conditions at x1 ¼ 6 H2 are

aij ðx; TÞPj  hijkl ðxÞuj;kl  bijkl Pk;lj þ Ui ¼ 0


ðcijkl ðxÞuk;l þ hijkl ðxÞPl k  gijklmn ul;mnk Þj ¼ 0
(5)

subject to boundary conditions on @V


bijkl Pk;l þ hijkl ðxÞuk;l nj ¼ 0
ðcijkl ðxÞuk;l þ ðhijkl ðxÞPl Þk  gijklmn ul;mnk Þnj ¼ roi
ðfijkl ðxÞPl þ gijklmn ul;mn Þnj nk ¼ 0
ð0 U;i þ Pi Þni ¼ 0:



0 U;11 þ P1;1 ¼ 0:

Since the film is graded, we assume that the tensors c and f
are position-dependent. Further, a is both position- and
temperature-dependent, and we assume the variation
aij ðx; TÞ ¼ a0 ðT  Tc ðxÞÞdij following.23
The governing equations can now be obtained by minimizing the free energy while subject to the electrostatic
constraint

0 U;ii þ Pi;i ¼ 0;

The film has thickness H ¼ 20 nm and the equations are
to be solved over jx1 j < H2 . The symmetry-motivated reductions lead to the simplified governing equations for the interior of the film

(6)

Here, hijkl ¼ dijkl  fijkl.
The tetragonal symmetry of the barium titanate enables
us to assume various components of the material property
tensors to be 0. From this, and the fact that quantities
vary only along the x1 direction, we can assume that
P ¼ (P1, 0, 0), and the only non-zero strains components are
u2,2 ¼ u3,3 and u1,1. For clarity, we use the following notation: a11 ¼ a, b1111 ¼ b, h1111 ¼ h1, h1122 ¼ h2, c1111 ¼ c1,
c1122 ¼ c2, g111111 ¼ g1, g111221 ¼ g2, and f1111 ¼ f.
The values of various material properties for pure
Barium Titanate and Strontium Titanate are listed in Table I.
We assume the rule of mixtures to compute the values of material properties for compositions between these extremes.
The constants g1 and g2 are given in Ref. 25 and are assumed
to be uniform.

bP1;1 þ h1 u1;1 þ 2h2 u2;2 ¼ 0
c1 u1;1 þ 2c2 u2;2 þ ðh1 P1 Þ;1  g1 u1;111  2g2 u2;211 ¼ r0
fP1 þ g1 u1;11 þ 2g2 u2;21 ¼ 0
0 U;1 þ P1 ¼ 0: (8)
To obtain the effective piezoelectric behavior of the
film, we impose the uniform traction r0 on the boundary and
numerically solve the governing equations to find the net
polarization. Given the linearity of the equations, we define
the ratio between these quantities as the effective piezoelectric coefficient d33.
Figure 3 presents the key findings of this letter. The blue
solid line is the piezoelectric coefficient of (ungraded) bulk
Barium Titanate normalized with respect to the value at
room temperature. Below Tc, the piezoelectric coefficient of
the (ungraded) bulk Barium Titanate varies with temperature. Above Tc, as expected, this piezoelectric coefficient
becomes zero and the electromechanical coupling vanishes.
The red curve is the apparent piezoelectric coefficient
obtained from the functionally graded thin film. It is also
normalized with respect to the bulk value of Barium Titanate
at room temperature. The functionally graded thin film produces an electric polarization equivalent to about 25% of
conventional Barium Titanate for through-thickness grading.
Notably, however, the apparent piezoelectricity is retained
well beyond Tc and is stable across a broad range. The piezoelectric coefficient of Quartz, a “standard” piezoelectric material, is also marked. With through-thickness grading, our

TABLE I. Material properties.

a11 (Nm2/C2)23
c1111 (N/m2)26,27
c1122 (N/m2)26,27
b1111 (Nm4/C2)
f1111 (C/m)28,29
f1122 (C/m)18

BaTiO3

SrTiO3

6:6  105 ðT  110Þ
275  109
179  109
107
0.35  109
5  106

1:41  106 ðT þ 253Þ
350  109
100  109
107
0.2  109
7  109

FIG. 3. Variation of normalized piezoelectric coefficient of Barium
Strontium Titanate graded thin film as a function of the normalized temperature. The grading is in the thickness direction. Temperature normalization is
with respect to unstrained BaTiO3: 120  C.
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strategy yields an apparent piezoelectric response that is
almost three times larger.
The compositional grading geometry proposed here is
readily achievable with available growth techniques for ferroelectric thin films.
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