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Nonlinear effects in the coupling of polarization with elastic strain have been predicted to occur in
ferroelectric materials subjected to high electric fields. Such predictions are tested here for a
PbZr(,Tiy 3O5 ferroelectric thin film at electric fields in the range of several hundred MV/m and strains
reaching up to 2.7%. The piezoelectric strain exceeds predictions based on constant piezoelectric
coefficients at electric fields from approximately 200 to 400 MV /m, which is consistent with a nonlinear
effect predicted to occur at corresponding piezoelectric distortions.
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Ferroelectric materials are sensitive to applied electric
fields, temperature, and pressure due to a strong coupling
between electrical polarization and elastic distortion [1-3].
This sensitivity to external parameters leads to large piezo-
electric strains, high dielectric susceptibility, and can allow
structural phase transitions to be driven by applied stresses
or electric fields [4,5]. Changes in the structure of perov-
skite oxide ferroelectrics have been predicted to occur at
high electric fields, but these predictions have yet to be
tested experimentally. In this Letter, we describe the pi-
ezoelectricity of epitaxial ferroelectrics at electric fields up
to ~500 MV/m and show that very high piezoelectric
strains of 2.7% can be reached in perovskite thin films.
The changes in piezoelectric response at high field are
indicative of interatomic interactions predicted in compu-
tational studies to be common to all perovskite ferroelec-
trics [6,7]. Low-frequency dielectric breakdown in these
materials has previously limited studies of high-field prop-
erties of ferroelectrics to a narrow range of low electric
fields. This problem can be overcome by applying electric
fields for short periods of time.

Calculations of the structure and properties of ferro-
electrics at high electric fields have recently become pos-
sible by adapting density functional theory to problems in
which periodic boundary conditions do not apply [8]. The
increase in electrical polarization at high external fields
results in stronger short-range repulsive forces acting on
cations and anions of a PbTiO; ferroelectric lattice to
compensate for further compression of Ti-O and Pb-O
bonds. In this new regime, the displacement of cations
and anions in response to an applied field occurs as a
motion of rigid Ti-O and O-Pb-O groups of atoms with
effective net charges of about +2 and —2, respectively [6].
These calculations predict that it will be harder to intro-
duce elastic displacements at high electric fields. The
linear piezoelectric coefficient ds; of a PbTiO; ferroelec-
tric is predicted to monotonically decrease as the field
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increases [6,9]. The ds; component of the piezoelectric
tensor describes the coupling of the piezoelectric strain &3
to the electric field E; applied along the direction of
measured strain as e; = ds3 E3. It has been predicted
that dj; for a PbZry,TiggO3; (PZT) thin film decreases
from 45 pm/V at zero electric field to 34 pm/V at
100 MV/m [9,10]. Measuring piezoelectric coefficients
at high electric fields thus tests the present understanding
of electromechanical response and provides an important
input for the practical application of ferroelectrics in ex-
treme electric fields.

Predictions of the structure of a PbTiO; ferroelectric at
high negative pressure forecast a sudden increase of the
tetragonality ratio ¢/a [Fig. 1(a)] from ~1.1 to ~1.21 with
increasingly negative pressure [7]. This effect has been
attributed to an elongation of one of the Ti-O bonds,
similar to large structural effects observed in other non-
ferroelectric systems [11,12]. In a material undergoing
such a change, the electrical polarization is predicted to
increase significantly. We may thus expect an increase of
the piezoelectric coefficient ds; at large fields, in contrast
to the predicted decrease of di; [9]. If the piezoelectric
coefficient d33 = 45 pm/V were constant at all fields, an
electric field of 250 MV/m would be needed to reach a
tetragonality of 1.1 in a PZT thin film epitaxially grown on
a SrTiO; substrate [9,13]. This corresponds to the distor-
tion at which one of the Ti-O bonds is predicted to elongate
[7].

Electric fields in the range of several hundred MV/m
can be reached in thin ferroelectric films. We have probed
the structure of a 35-nm-thick tetragonal PbZr,,Tijg05
film epitaxially grown by pulsed laser deposition on an
epitaxial 4-nm-thick SrRuOj; conducting oxide film on a
SrTiO; single-crystal substrate. The surface normal was
along the [0O0L] crystallographic direction. The
50- wm-diameter top electrodes of the ferroelectric capaci-
tors were made of polycrystalline Pt. The remnant electri-
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FIG. 1. (a) Orientations of the crystallographic axes and elec-
tric field in the experiment. (b) Elapsed time before dielectric
breakdown as a function of the amplitude of the electric field.
The low-field data point near 200 MV/m was measured using
quasistatic triangular electric-field pulses and the high-field
points were measured using a series of square-wave pulses of
fixed durations. The points at high electric fields are fit with ¢ oc
(Epa) 2

cal polarization of the ferroelectric capacitors was P, =
0.8 C/m? [13]. Both the SrRuO; bottom electrode and the
PZT film are coherently strained on the SrTiO; substrate
with in-plane lattice constant ¢ = 3.905 A. The epitaxial
coherence increases the tetragonality c/a from 4.148
A/3.95 A =1.05 in bulk PZT to 425 A/3.905 A =
1.088 in the film [13,14]. The chemical composition of
the film favors a tetragonal crystal structure for any fea-
sible induced strain and guarantees that the film always
consists of a single crystalline phase [15].

Even in thin films, it is a challenge to reach high electric
fields because the low-frequency breakdown field for pe-
rovskite ferroelectrics is typically in the range of 100 to
200 MV /m [16]. The dominant mechanism for breakdown
in ferroelectric thin films is thermal runaway initiated by
field emission from electrodes. The characteristic time ¢ for
which the field can be applied without breakdown at
electric field Epg is ¢ oc (Epg)~2 [16]. There is thus a practi-
cally useful opportunity to avoid breakdown by using short

electric-field pulses. The duration of applied electric-field
pulses that lead to breakdown is shown as a function of the
magnitude of the applied electric field in Fig. 1(b). The
magnitude of the electric field was taken to be the quotient
of the voltage and the thickness. The low-frequency break-
down field of 215 MV/m was measured using triangular
voltage pulses for which the duration was 50 ms. The time
required for the low-frequency breakdown, ~0.5 ms, was
estimated by monitoring the current supplied to the capaci-
tor. The threshold for breakdown at high fields and short
times was measured using square voltage pulses of fixed
duration. The breakdown fields are shown at the midpoint
between the maximum field that does not lead to the break-
down and the field at which the ferroelectric was electri-
cally destroyed. The high-frequency data are fit with
t o< (E,g)> shown in Fig. 1(b) [16]. Electric fields of
400-500 MV/m can be applied to the PZT capacitors
using electrical pulses for which the duration is 50 ns or
shorter. Even higher fields may be possible with shorter
electrical pulses unless a new breakdown mechanism
intervenes.

We used time-resolved x-ray microdiffraction at sector 7
of the Advanced Photon Source of the Argonne National
Laboratory to probe the structural changes that occur dur-
ing short electric-field pulses [17]. The 10 keV photon
beam was focused to a 400-nm spot on a ferroelectric
capacitor using Fresnel zone plate optics. The diffraction
experiments measured the intensity of the diffracted radia-
tion as a function of wave vectors g, and ¢, along the H
and L directions in reciprocal space [Fig. 1(a)]. The x-ray
pulses were synchronized to electrical pulses applied to the
ferroelectric capacitor and the data were accumulated over
several thousand pulses [18].

The (103) PZT Bragg peak has components along both
H and L crystallographic directions and can thus be used to
simultaneously measure lattice constants a and c. At an
electric field of 354 MV/m applied along the [00L] direc-
tion, the (103) peak is shifted along the [00L] direction and
its projection on the [H(00] axis remained unchanged
(Fig. 2). The a lattice constant was clamped by the sub-
strate and the ¢ lattice constant reached ~1.8% piezo-
electric strain. The structural changes induced by the
electric field are therefore restricted to the lattice parameter
¢, which can be measured using, for instance, the (002)
PZT Bragg peak.

The piezoelectric strains resulting from the expansion of
the ¢ lattice parameter during 35 to 50 ns electric-field
pulses are shown in Fig. 3 for applied fields from O to
491 MV/m. Different symbols correspond to four differ-
ent ferroelectric capacitors. The line is drawn for €3 = d3;3
E; with d3; = 45 pm/V, the low-field piezoelectric coef-
ficient of the PZT film. A linear fit of the data in Fig. 3 with
g3 = ds3 E; for electric fields up to 160 MV/m gives dx;
from 44 to 46 pm/V, a surprisingly good match to the low-
field coefficient. Calculations predicting the decrease of
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FIG. 2 (color online). The (103) PZT Bragg peak (a) before (at
zero field) and (b) during 65-ns electric-field pulses of magnitude
E = 354 MV/m.

ds3 at high electric fields thus significantly overestimate
the changes of the piezoelectric coefficient at intermediate
electric fields. This discrepancy is potentially due to em-
ploying field-independent parameters to parametrize the
free energy that is used in calculations of the piezoelectric
constants [6,9].

The piezoelectric response becomes stronger at
~200 MV /m, which results in a strain that exceeds the
&3 = ds3 E; line by 10% at 218 MV/m. The standard
deviation of this measurement was 2.9% of the strain based
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FIG. 3. Piezoelectric strain measured at applied electric fields
from 0 to 491 MV/m for four ferroelectric capacitors (shown
with different symbols). The solid line is &3 = d3;3 E3, with

on repeated measurements on four capacitors. At this
electric field, the tetragonality ratio reaches c¢/a = 1.1,
which is the point at which the Ti-O bond elongation effect
is predicted to occur in the PbTiO; lattice under negative
pressure [7]. The strengthened piezoelectric response in a
window of electric fields from 180 to 220 MV /m is con-
sistent with predictions for the ferroelectric undergoing the
Ti-O bond elongation transition. The tetragonality en-
hancement predicted in [7] involves considerable in-plane
compression not observed here due to epitaxial clamping
of the ferroelectric thin film. The comparison of the
strengthened piezoelectric response with the tetragonality
enhancement is possible, however, because the tetragonal-
ity enhancement predicted in Ref. [7] depends strongly on
the c-axis elongation, and much less on the in-plane
compression.

As the electric field continues to increase, the piezo-
electric response decreases and at 395 MV/m the strain
again crosses the &3 = d33 E3 line. The decrease of the
response for electric fields higher than 220 MV /m can be
understood using the predictions that interatomic repulsion
plays an increasingly important role at high electric fields
[6]. Nonlinear effects in the piezoelectric response at high
electric fields are in agreement with the predicted changes
of interatomic interactions. The linear response at fields up
to ~200 MV/m, however, apparently indicates the quan-
titative disagreement with the piezoelectric coefficients
that are predicted to monotonically decrease with field.

Higher fields than those shown in Fig. 3 can be applied
by further reducing the duration of the electric-field pulses.
With 24.4 V 8-ns electrical pulses, the strain reaches 2.7%
(Fig. 4), the highest piezoelectric strain yet reported in a
ferroelectric oxide thin film [19]. Pulses of this duration are
comparable to the capacitive rise time of the ferroelectric
capacitors and the electric field is thus difficult to estimate
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FIG. 4. The PZT (002) Bragg peak before (open symbols) and
during (solid symbols) 8-ns electrical pulses of 24.4 V.
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accurately. The diffraction scan shown in Fig. 4 for the
highest electric field reveals a small additional Bragg peak,
which is presumably due to a fraction of the PZT film that
is not responding to the applied field. The additional peak
could be explained by an interfacial layer of ~10 nm for
which the piezoelectric properties are remarkably different
from the rest of the film. If such a layer were conductive, it
would increase the effective electric field applied to the
remainder of the PZT layer by up to 40%, and the piezo-
electric coefficient would decrease even more dramatically
at high electric fields. Since the existence of an interfacial
layer has been proposed on multiple occasions as an ex-
planation for the electrical properties of dielectric capaci-
tors [20,21], it will be interesting in the future to address
the effects that are responsible for the additional x-ray
reflection observed at the high electric fields.

Using the broad range of available piezoelectric strains
from 0% to 2.7%, it becomes feasible to extend the search
for electric-field induced phase transitions to a number of
important ferroelectric and multiferroic thin films
[5,15,22]. In BiFeOs;, a multiferroic material, the electrical
polarization vector can rotate from the [111] direction
towards the [001] direction that is predicted to change
significantly the remnant polarization, while the magnetic
structure remains essentially unchanged [22]. It is now
possible to experimentally test these predictions at high
piezoelectric strains using short electric-field pulses.

The piezoelectric response is qualitatively well ex-
plained at high fields by the predictions of recent structural
calculations. The surprisingly linear response at fields up to
~200 MV/m disagrees with the present theoretical de-
scriptions, which predict a significantly weaker piezoelec-
tric response already at 100 MV/m. The strengthening of
the piezoelectric response that starts at 180 MV /m is con-
sistent with the nonlinear bond elongation effect that is
predicted to be a fundamental property of perovskite
ferroelectrics.
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