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ABSTRACT
It is well known that many common ferroelectric materials are also ferroelastic, thus the nonlinear behavior of
these materials, as governed by domain motion, is highly aﬀected by stress, as well as electric ﬁeld. The combined
inﬂuence of stress and electric ﬁeld on domain motion and the electrostrictive response of ferroelectric single crystals
is investigated. Experiments are performed on (001) and (100) oriented single crystals of barium titanate under
combined electro-mechanical loading. The crystal is exposed to a constant compressive stress and an oscillating
electric ﬁeld along the [001] direction. Global deformation and polarization are measured as a function of electric ﬁeld
at diﬀerent values of compressive stress. The use of semi-transparent electrodes and transmitted illumination allow
in situ, real-time microscopic observations of domain motion using a long working-distance, polarizing microscope.
The combined electro-mechanical loading results in a cycle of stress and electric ﬁeld induced 90-degree domain
switching. The magnitude of the global deformation increases with stress, with maximum steady state actuation
strain of 0.57%.
Keywords: ferroelectric crystals, barium titanate, domain switching, electrostriction

1. INTRODUCTION
Ferroelectric materials such as barium titanate have found wide application due to their excellent dielectric and
electromechanical properties. Such applications include sensors and actuators for use in ultrasonics, micropositioning and active damping. The properties of interest for these applications are piezoelectricity and electrostriction.
Piezoelectricity, as expressed by the converse piezoelectric eﬀect, is a linear relation between strain and electric ﬁeld,
while electrostriction is a quadratic relation between strain and electric ﬁeld.1 For the purposes of this paper,
electrostriction will be considered in a more general sense as electric ﬁeld induced deformation that is independent
of ﬁeld polarity. While these properties are not unique to ferroelectric materials, their behavior tends to be much
more pronounced than in other materials.
Barium titanate is a ferroelectric material of the perovskite class and has been extensively studied.2 At high
temperature it has the cubic structure of perovskite, as shown in ﬁgure 1. When cooled below 120o C, it transforms
to a tetragonal phase. In addition to the strain induced by the lattice distortion, there is a spontaneous polarization
along the axis of the unit cell as indicated in the ﬁgure. Thus, at phase transition the unit cell can take any
of six crystallographically equivalent combinations of strain and polarization. Furthermore, diﬀerent regions of a
single crystal or single grain in a polycrystal can take on diﬀerent directions of polarization. A region of constant
polarization is known as a ferroelectric domain. Domains are separated by 90o or 180o domain boundaries, as shown
in ﬁgure 2, which can be nucleated or moved by electric ﬁeld (the ferroelectric eﬀect) or stress (the ferroelastic eﬀect).
The process of changing the polarization direction of a domain by nucleation and growth or wall motion is known as
domain switching. Electric ﬁeld can induce both 90o or 180o switching, while stress can induce only 90o switching.
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Figure 1. (a) The cubic (high temperature) and tetragonal (room temperature) structures of barium titanate. The
tetragonal structure has both an induced strain and polarization. (b) Upon the cubic to tetragonal phase transition,
the unit cell can take any of six equivalent combinations of strain and polarization. The arrow indicates the direction
of polarization.

Domain switching is important for a number of reasons. Globally it leads to change in the macroscopic polarization vector and, in the case of 90o domain switching, an associated strain that can be quite large – up to 1.1%
for barium titanate and up to 6% for other materials. A ferroelectric material must have a direction of average
polarization in order to be piezoelectrically active.3 However, a polycrystal, while microscopically polarized, will be
macroscopically non-polar due to the random orientation of grains. Domain switching makes it possible to pole the
material macroscopically by exposing it to a strong electric ﬁeld. By the same token, a piezoelectric material can
be depoled by electric ﬁeld or stress. In addition to the poling and depoling processes, domain switching can also
contribute to the enhanced piezoelectric and electrostrictive properties of some materials.3
The details of the mechanism of enhanced electromechanical properties in ferroelectrics as well as the poling
and depoling process in polycrystals is very complex due to the presence of residual stresses and grain boundary
mismatch. There have been a number of experimental and theoretical studies devoted to this subject for both
ceramics and single crystals.4 The combined eﬀect of stress and electric ﬁeld on PLZT ceramics was studied by
Lynch by measuring the nonlinear electromechanical response in presence of a uniaxial stress.5,6 Both strain and
polarization were measured as a function of electric ﬁeld at diﬀerent stress levels. In addition, there have been many
single crystal studies to understand the fundamental mechanisms governing domain switching and avoid the inherent
complexity of the polycrystal system.7,8 Some recent theoretical and experimental studies have been aimed at
understanding the mechanism involved in the ultra-high piezoelectric response of single crystal PMN-PT and PZNPT relaxor materials. The work of Wada, et. al. looked at the transformation strain in barium titanate in diﬀerent
orientations and temperatures.9,10 They measured transformation strains of 1% in 100 oriented tetragonal barium
titanate. Simulations of the underlying nature of the transformation have been performed by Fu and Cohen, though
with an over prediction of the strain.11
Stress induced, 90o domain switching was observed by Li, et. al. in BaTiO3 and PbTiO3 .12 They used a
loading mechanism to generate a compressive stress along the c-axis of a crystal and observed the domain switching
behavior using micro-Raman spectroscopy. For BaTiO3 , 90o domains were shown to be nucleated by a compressive
stress of 0.22 MPa. Removal of 90o domains was initiated at a stress of 1.1 MPa. The current investigation focuses
on the combined electromechanical response of (100) and (001) oriented barium titanate single crystals by looking
at the eﬀect of compressive stress on electric ﬁeld induced domain switching and the subsequent electrostrictive
response. Understanding of such a system may be useful for development of models of domain switching in grains of
polycrystals.
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Figure 2. (a) Schematic diagram of the subgranular structure of domains, or regions of constant polarization
separated by 90o or 180o boundaries. (b) domain pattern photographed using a polarizing microscope.

2. THEORY
2.1. Energy of a Single Crystal
A theoretical model of a ferroelectric single crystal has been developed by Shu and Bhattacharya using the framework
of ﬁnite deformation continuum mechanics.13 This model is summarized below. Consider a ferroelectric single crystal
occupying a region Ω in its reference (undeformed) conﬁguration. The deformation of this crystal is y(x) where x
is a typical material point and the polarization is p(y). Note that it is natural to deﬁne the polarization in the
current (deformed) conﬁguration. Suppose this crystal is subjected to an external electric ﬁeld Eo and dead load
corresponding to nominal stress σo . Then the total energy of the single crystal at temperature θ undergoing a
deformation y(x) and polarization p(y) is given by




1
2
α|∇x P | + W (∇x y, P, θ) − (det ∇x y)Eo · P − σo · ∇x y dx +
E[y, p; θ] =
|∇y φ|2 dy
(1)
2 IR3
Ω
where P = p(y(x)) and the electric potential φ is determined by solving Maxwell’s equation,
∇y · (−∇y φ + p) = ρ

on IR3

(2)

where ρ is the free charge density and we use the convention that p = 0 outside y(Ω).
The ﬁrst term penalizes changes in the polarization, and is thus the domain wall energy. The second is the
free energy density W which depends on the ‘deformation gradient’ (or strain), the polarization and temperature.
The third describes the interaction with the applied electric ﬁeld and the fourth the interaction with the applied
mechanical load. Finally, the second integral is the ‘electrostatic’ energy associated with the electric ﬁeld generated
by the spontaneous polarization. The equilibrium deformation and polarization can be found by minimizing the total
energy over all possible deformations y and polarizations p.
The energy density W depends on the deformation gradient F = ∇x y (a 3 × 3 matrix), the polarization P (a
vector) and temperature θ. It is frame-indiﬀerent, i.e.,
W (QF, QP, θ) = W (F, P, θ)

for all rotation matrices Q

(3)

satisﬁes material symmetry and has ground states (minima) corresponding to the observed spontaneously polarized
state of the crystal. For barium titanate, in the absence of any ﬁeld or load, material symmetry implies that at room
temperature it can be polarized in any of the six 100 directions with its associated deformation. These are the
crystallographically equivalent structures mentioned earlier. Thus there are six symmetry related ground states for
which W is minimized. Minimization of the total energy dictates that external mechanical or electrical work can
result in an exchange of stability between diﬀerent ground states.

2.2. Flat Plate Conﬁguration
For a ﬂat plate conﬁguration with electrodes on each face, the minimization problem can be simpliﬁed signiﬁcantly.
If the plate is thin and is bounded by electrodes on the two faces, the last integral in equation (1) can be neglected.
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Figure 3. Possible ﬂat plate equilibrium conﬁgurations under compressive stress and electric ﬁeld loading.
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Figure 4. Compressive stress-electric ﬁeld phase diagram of barium titanate at room temperature.

In addition, if the size of the crystal is much larger than the domain wall, the domain wall energy can be neglected.
The problem can then be reduced to the minimization of the following energy density function:
G(F, P, θ) = W (F, P, θ) − (det F )Eo · P − σo · F

(4)

The possible equilibrium conﬁgurations for a crystal of barium titanate cut in a ﬂat plate conﬁguration with
a (100) orientation under combined electromechanical loading, are shown in ﬁgure 3. Any conﬁguration with the
polarization oriented in-plane will be energetically equivalent. This is shown as state (1), with some combination of
stress and electric ﬁeld for which this state is stable. At some diﬀerent combination of compressive stress and electric
ﬁeld, the stable equilibrium conﬁguration will be state (2), the out-of-plane conﬁguration. It also happens that for
very high values of compressive stress and electric ﬁeld, the orthorhombic phase is the equilibrium conﬁguration,
shown as state (3). Minimization of equation (4) results in a phase diagram outlining the equilibrium boundaries
of the three conﬁgurations. The phase diagram for barium titanate at room temperature is shown in ﬁgure 4. It
is important to note that the conﬁgurations mentioned are equilibrium states. The problem of switching between
equilibrium states is kinetic in nature.

2.3. Mode of Electrostrictive Actuation
The exchange of stability between the in-plane and out-of-plane conﬁgurations discussed in the previous section
suggests a potential mode of operation for an electromechanical actuator. This mode of operation takes advantage
of the change in strain associated with switching between states (1) and (2) shown in ﬁgure 3. A single crystal
ferroelectric in a ﬂat plate conﬁguration, with (100) orientation is subjected to a constant, uniaxial compressive
prestress with no electric ﬁeld. The equilibrium conﬁguration is thus state (1). A voltage is introduced of suﬃcient
magnitude to switch the crystal to state (2). The voltage is subsequently removed and compressive stress causes
the crystal to return to state (1). The combined electromechanical loading allows a cyclic change in the domain
pattern resulting in an electrostrictive strain limited by the c/a ratio of the given crystal. For barium titanate this
corresponds to a strain of 1.1%. Other materials could produce higher strains, as large as 6%.

124

Proc. SPIE Vol. 4333

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 01/22/2016 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx

Digital Image
Grabber

Optical Flat

High Voltage
Amplifier

Crystal

CCD Camera
Long Working Distance
Microscope

Charge
Amplifier

E, I, Q

Linear Polarizer

Digital
Oscilloscope
W

Strain
LVDT

5 mm
Specimen
Dimensions

1 mm

Figure 5. Experimental setup and specimen dimensions.

3. EXPERIMENT
An experimental setup was designed to demonstrate the principles outlined above. The system was designed to
apply a constant compressive load and variable electric ﬁeld to a ferroelectric crystal. It was further designed to
allow accurate measurement of strain and polarization, as well as allow in situ observation of the crystal during the
experiment. Experiments were performed on single crystals of barium titanate of 5x5x1mm dimensions and (001)
or (100) orientation (Superconix, Lake Elmo, MN). The crystals were poled prior to polishing, so were nearly single
domain in most cases. Barium titanate was chosen because it has been studied extensively and can be obtained in
single crystal form.
The experimental setup consists of a loading mechanism, displacement measurement transducer, high-voltage
power supply and long working distance video microscope. A schematic diagram and photograph of the system are
shown in ﬁgure 5. The loading mechanism uses dead weight W and a lever to deliver a force to a loading frame. The
force is transmitted to a pair of optically ﬂat glass plates that sandwich the specimen. Glass plates are used so that
the entire load axis is transparent, allowing direct observation of the specimen during the test. Semi-transparent,
platinum electrodes are deposited on the surface of the crystal. Platinum lines are also deposited on the surface of
the glass plates. Small dots of conductive carbon grease are applied to the corners of each surface of the crystal to
ensure good electrical contact between the electrodes and the platinum lines and allow some degree of lubrication.
Wires are bonded to the lines using conductive epoxy (Chemtronics CW2400).
The electrical input is generated using a function generator and a high voltage power ampliﬁer (Trek, Inc. Model
10/10B). Experiments are carried out in the static or pseudo-static regime with input signal frequencies between 0.05
Hz. and 1 Hz. Electric ﬁeld is measured by monitoring the ampliﬁer voltage. Crystal strain is measured by recording
the load frame displacement using a high-resolution LVDT (Lucas-Schaevitz 025-MHR). A lever is actuated at the
center of the loading frame causing a displacement of the LVDT and providing a mechanical ampliﬁcation. The
displacement corresponds to the change in thickness of the specimen. In addition, charge on the crystal is measured
using an integrating capacitor. The voltage, current, charge and displacement signals are recorded using a digital
oscilloscope.
Real time, in situ observations are made of the crystal using a long working distance video microscope. The
microscope consists of a 10x long working distance objective (Nikon), extension tube and CCD video camera (Sony
XC-75) connected to a digital frame grabber (Epix SV-4). This system has a ﬁeld of view of about 500 µm and lateral
resolution of approximately 1 µm at a working distance of 50 mm. Light is transmitted from a high intensity halogen
lamp through crossed polarizers, one below the specimen and one above. Images are captured at up to 30 frames
per second, allowing observation of domain switching and failure that occurs during the course of the experiment.
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4. RESULTS
Experiments have been performed on crystals to investigate the stress dependence of the electrostrictive strain
response. During the experiment, a slow voltage signal is generated and the strain and polarization are measured.
Figure 6 shows data from a typical experiment with an input signal frequency of 0.05 Hz. The electric ﬁeld input
signal is shown as the solid curve in both plots. The dashed curves in ﬁgure 6(a) and 6(b) are the measured strain
and polarization signals, respectively. As the electric ﬁeld increases, there is a sudden increase in both strain and
polarization, followed by a leveling oﬀ. As the electric ﬁeld decreases, the strain drops and then increases again
for negative electric ﬁeld, while the polarization continues to decrease before leveling oﬀ again. Because of the
symmetric behavior of the strain with respect to polarity of the electric ﬁeld, the deformation can be considered to
be electrostrictive in the general sense mentioned in section 1.
A series of strain-electric ﬁeld trajectories are shown in ﬁgure 7 at ﬁve values of compressive stress. The data shown
are from the ﬁfth cycle of each experiment for an initially (100) oriented crystal. The ﬁrst plot has a compressive
stress of approximately zero (there is a small stress present due to the measurement method). In this case, the total
strain is less than 0.1%. With subsequent increase in compressive stress, there is an increase in the maximum strain
up to 0.57% at 2.14 MPa, and a broadening of the butterﬂy hysteresis loops. Figure 8 shows a series of polarizationelectric ﬁeld trajectories for the same cases. For the zero stress case, the hysteresis curve has very sharp corners as
is usually observed for single crystal ferroelectrics. As the stress is increased, there is a blunting of the corners.
The actuation strain as a function of compressive stress is summarized in ﬁgure 9(a). The actuation strain is
deﬁned as the diﬀerence between the maximum and minimum strain for a given half cycle and was calculated in the
ﬁfth cycle of each experiment. Data for initially (100) and (001) oriented crystals are shown. There is a clear increase
in actuation strain with increasing stress in each case. The (100) crystal seems to have a greater stress sensitivity
than the (001) crystal, this may be due to variations in the quality of the material or a preference for the original
structure due to residual stresses or the presence of defects. Coercive ﬁeld, deﬁned as the ﬁeld required to reduce
the polarization to zero, is shown as a function of compressive stress in ﬁgure 9(b). The coercive ﬁeld is found to be
relatively insensitive to stress with an increase of about 20-30 V/cm/MPa.
Frequency dependence of the strain response at diﬀerent stresses is also of interest. The experimental setup is
only suitable for static, or very low frequency experiments, however, limited investigation is possible. Figure 10
shows the strain-electric ﬁeld trajectories for input signal frequencies of 0.05 Hz., 0.1 Hz. and 1.0 Hz. In each case,
the crystal was loaded at 1.07 MPa compressive stress. The maximum actuation strain for the tests increases with
increasing input frequency.
Observations are made of the crystal domain patterns during the experiment. Figure 11 shows two images of
domain patterns. These images are chosen from a series of images taken over the course of one cycle on an initially
(001) oriented crystal at a compressive stress of 3.2 MPa. The ﬁrst image (a), is taken at an electric ﬁeld of 30 V/cm.
The second image (b), is taken at a ﬁeld of 1400 V/cm. On the left side of the image, horizontal domain boundaries
are visible with a vertical band on the right and very narrow domains, or needles, terminating at 45o . At 1400 V/cm,
several of these needles have disappeared. During the experiment, a series of pictures are taken so that the evolution
of this microstructure can be observed. Cracks are found to form in the crystals during the experiments. In some
cases, after several sets of experiments, the crystal is broken into a number of pieces. In general, however, the (100)
crystals tend to form more cracks than the (001).

5. DISCUSSION
The experimental data show the variation of steady-state actuation strain in (100) and (001) oriented crystals of up
to about 0.57% in a range of stress of 0 to 3.2 MPa, about half of the 1.1% theoretically predicted maximum strain.
Evidence from the in situ microscopy and polarization data, indicate that nearly complete out of plane polarization is
reached at the high voltage state, however, the strain data indicates that the complete in-plane state is not reached.
Factors such as presence of defects and friction between the crystal and the loading surfaces may prevent complete
transition to the in-plane state. Experiments at higher stresses are needed to determine the practical limits on the
actuation strain.
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Figure 6. (a) Strain vs. time and (b) polarization vs. time for an initially (100) oriented crystal at a compressive
stress of 1.07 MPa.
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While the theory deals with equilibrium states, the kinetics dictate the path between states. Even at these
low frequencies, there may not be enough time to settle into a completely in-plane equilibrium state. This idea
motivated the limited investigation of frequency response. The data, however, indicate that the maximum actuation
strain increases with input frequency. The reasons behind this behavior are unclear and require further study. In
the future, an improved apparatus will be used to explore a greater range of the frequency response.
Cracks are found to form in the crystals during the experiments. This is not surprising considering the large
strains involved. In general, however, the (100) crystals tend to form more cracks than the (001). This is somewhat
surprising since after several cycles, one may assume that the original state will have little or no eﬀect on the current
behavior. An explanation may be simply diﬀerences in quality of the crystals or density of preexisting microcracks
or ﬂaws. It may be that most cracks or microcracks form during the initial switching cycle for the (100) crystals
which experience a 100% (100) to (001) transformation. Crack growth will then continue over the remainder of the
experiment. The (001) crystals, on the other hand, never go through a complete 90o transition at the levels of stress
used.

6. CONCLUDING REMARKS
An experimental setup has been designed to investigate the stress dependence of the electrostrictive strain response of
ferroelectric single crystals. Experiments have been performed on initially single domain crystals of barium titanate
(BaTiO3 ) with (100) and (001) orientation at compressive stresses between 0 and 3.2 MPa. A very clear increase in
steady state actuation strain is seen with increased compressive stress with maximum strains of around 0.57%. A
very limited investigation of the frequency dependence of the strain response has been started, however much more
work needs to be done in this area. Initial data indicates an increase in actuation strain as frequency is increased
in the low frequency regime. An important question to address is what levels of actuation strain are possible at
higher frequencies where one might attempt to apply this method of actuation to do work for microswitches or active
structures. Future work on barium titanate will focus on this as well as the variation with temperature. Similar
experiments will be carried out on bulk crystals of lead titanate and thin ﬁlm materials.
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