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90° domain dynamics and relaxation in thin ferroelectric/ferroelastic films
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We investigated the dynamics and relaxation of 90° domains in 60-nm-thick lead-zirconium titanate
(PbZr 5Ty ,03) films, with enhanced piezoresponse force microscopy. We show that under opposite electric fie
1d, ferroelectric domains are reversibly switched while ferroelastic domains reorganize in a nonreversible way.
Moreover, we show that the relaxation-time constant of 90° domains is two orders of magnitude shorter than
for the previously reported 180° domains relaxation. Furthermore, we demonstrate the influence of geometry
and scale on the relaxation process. Finally, we propose a relaxation mechanism for ferroelastic-ferroelectric
systems, with implications for devices based on these materials.
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I. INTRODUCTION

Ferroelectric materials, being functional materials, have
found applications in very many fields. For example,
ferroelectric-based memories are currently a leading can-
didate for nonvolatile, low-power devices' and are widely
used in everyday technologies such as rf filters in tele-
communications and medical imaging systems.>* Although
ferroelectricity has been extensively studied at both the mac-
roscopic (>1 um) and atomic scales (<1 nm),*> the rela-
tionship between the behavior at these two scales is still
poorly understood due to technical difficulties engaged with
intermediate-scale investigations.® Several commercially rel-
evant ferroelectrics are also ferroelastic. Ferroelastic do-
mains spontaneously form to minimize the local stress. The
domains consist of periodic parallel stripes of alternating (i)
a- and c-crystallographic orientations (known as polytwins)
and consequently (ii) in-plane and out-of-plane polarizations,
respectively. Although it is known that ferroelasticity
strongly influences ferroelectricity,’ to date, very few simul-
taneous observations of both have been reported. We have
recently reported on a study of ferroelastic domains and
found that (i) polytwins tend to form cooperative structures
of a finite size, which we have termed “bundles” and (ii) they
align not parallel to the nearest grain boundary, so are influ-
enced by the local geometry.® During the last few years,
several independent studies have reported ferroelastic do-
main motion under an external electric field. Since the ¢
domains of a polydomain give rise to the out-of plane polar-
ization (i.e., ferroelectricity), there is a great desire to study
their kinetics. Moreover, there is a continuing attempt to as-
sociate in-plane ferroelastic domain motion with the en-
hancement of the essentially out-of-plane ferroelectric-
related phenomena that have been observed in recent
years.®%~13 However, although it is known that ferroelastic
domains move under an applied electric field, it is not yet
clear what the driving mechanism is. Furthermore, it is also
not yet known how the ferroelastic domain motion influences
macroscopic ferroelectricity. Therefore, a time-dependent in-
vestigation of the simultaneous dynamics of ferroelectricity
and ferroelasticity under an external field is timely.

To explore the dynamics of ferroelasticity as well
as its interplay with ferroelectricity, we used enhanced-
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piezoresponse force microscopy'# (E-PFM), which is based
on conventional piezoresponse force microscopy'>!¢ but uti-
lizes the cantilever dynamics to enhance the image contrast.
This allows high-resolution (up to ~1 nm) mapping of
ferroelectric and ferroelastic domains simultaneously with
the topography.

We chose thin polycrystalline tetragonal piezoelectric
(PZT) films for this study (60 nm thick, predominantly (110),
similar to the films discussed elsewhere'*!7) as PZT has the
highest electromechanical coupling of any known material,
so lends itself well to PFM investigations. The granularity of
the films provides a simple way of exploring the effect of
local geometry on ferroelectricity and ferroelasticity.

II. E-PFM AND LOCAL
DOMAIN SWITCHING

E-PFM has been described elsewhere®!# and is similar to
conventional PFM with three differences—(i) soft cantile-
vers are used; (i) the magnitude of the ac drive voltage is
larger, and (iii) the cantilever is driven close to its in-contact
resonant frequency. The use of soft cantilevers leads to an
additional electrostatically induced parabolic bending of the
lever toward the sample surface but this is minimal'® when
compared to the deflection due to the piezoelectric deforma-
tion of the sample. The resultant force on the cantilever due
to both sources of deflection is on the order a few tens of
picometers and if the overall force for atomic force micros-
copy (AFM) imaging is kept low enough (<1 nN) the in-
contact resonance frequency is approximately 4.4 times
larger than the free resonance frequency.'® That is, the can-
tilever does not act like one that is firmly clamped at both
ends. It is important to note that the position of the resonance
frequency and its dependence on the nature of the contact
can be explained in a simple way.2° Consider the cantilever
as a point mass m* connected to a spring of spring constant k.
The resonance frequency of the free cantilever obeys: fj%m
=47%k/m". In contact mode AFM, the forces acting on the
tip are repulsive and therefore the spatial derivative of this
force, k™ is negative. As a result, the resonance frequency of
the cantilever that is in contact increases (f\,)>=4m(k
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—k*)/m”". Substituting k=0.2 N/m and f,,,=13 kHz gives
rise to an effective mass of the cantilever of m*=~4.7
X 1078 kg. Substituting now f1°,.=59.5 kHz,'* the effective
tip-surface force derivative can be extracted: k*~-4 N/m,
ie., [K"|>k.

Factor (iii) above simply enhances the oscillation ampli-
tude of the cantilever, whereas the operation frequency is
chosen so that the oscillations are linear with the driving ac
field, assuring the signal is piezoresponse. The primary con-
sequence of this is that the signal-to-noise ratio of the PFM
signal is greatly increased relative to the case of standard
PFM, so the contrast associated with ferroelastic domains is
more apparent. The use of a soft cantilever gives rise to a
decrease in the effective tip-surface contact area. That is, a
reduction in the friction and adhesion, and hence this can
explain the increase in the imaging resolution. Moreover, the
low stiffness of the cantilever protects the tip from wearing
out during the experiments and hence from deteriorating the
imaging. The resultant shearing motion of the tip on the
sample (the electrostatic force causes the tip to tilt) leads to
irregular oscillations if (a) the drive amplitude is too large,
(b) the sample is very rough, or (c) the contact force is too
large, which is why the vast majority of PEM is carried out
well below this in-contact resonance frequency. The reso-
nance frequency can vary significantly during imaging (by
several kilohertz) due to variations in the local elastic modu-
lus but we have not found this to be an issue, presumably due
to the soft contact we are using and to operation in the re-
gime of linear electromechanical response. For the samples
we investigated, the optimum conditions for steady oscil-
lation of the cantilever are 3—-6 Vrms between the tip and
sample. To validate the method, in Figs. 1(a)-1(c), we
present topography, E-PFM amplitude and E-PFM phase of a
large grain in the sample. Within this area, six roughly cir-
cular ferroelectric domains of diameter ~120 nm were
formed by applying voltage pulses to the tip and the area was
then imaged with E-PFM [Figs. 1(d)-1(f)]. In the phase im-
age [Fig. 1(f)], the ferroelastic domains appear as gray par-
allel stripes (hereafter ¢ orientation, although an in-plane
component of the polarization in these areas is expected)
separated by noisy regions (hereafter a orientation). The
phase signal is highly unstable in the a regions as the canti-
lever oscillation is almost zero there, indicating that these
stripes are separated by 90° domain walls. A schematic of the
structure is brought in Fig. 1(g). The ferroelectric domains
are clearly visible as bright spots and the line section through
two of these that were taken from the same ¢ domain stripe
and is shown in Fig. 1(i) demonstrates that they are separated
by 180° domain walls. By contrast, in the amplitude image
[Fig. 1(e)], only the boundaries of ferroelectric domains are
observed. This is due to the fact that in this stripe, both
polarities of ferroelectric domain are still out of plane, so
application of an ac voltage between the tip and sample will
cause the sample and hence the tip to oscillate with the same
amplitude by the inverse piezoelectric effect. The boundary
appears as a dark line as expected. As can be seen from the
line section in Fig. 1(i), the oscillation of the cantilever is
symmetric for the two opposite out-of-plane domains and is
very close to zero at the boundaries. This suggests that the
electrostatic contribution to the cantilever oscillation is neg-
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FIG. 1. (Color online) E-PFM imaging of local polarization
switching in the center of a polytwin. Topography (a) and the si-
multaneously imaged E-PFM amplitude (b), and phase (c) of the
native ferroelastic and ferroelectric domain distribution in a large
grain in the sample. Topography (d) and the simultaneously imaged
E-PFM amplitude (e), and phase (f) of a central area within the
grain (the scan angle was slightly changed) after the polarization
was switched locally at six different points with a voltage pulse
applied through the tip. Stripes with alternating contrast at the two
PFM images are periodic ferroelastic domains, whereas the 180°
domains appear as close lines in the amplitude image and as areas
with a high contrast in the phase image. This behavior suggests a
dominancy of the piezoresponse over other possible contributions to
the signal such as local and nonlocal electrostatic interactions and
changes in the local modulus of elasticity. (g) Schematics of the
area in [(d)—(f)] show the in-plane polarization in the a domains
(blue stripes) and the homogeneous out-of-plane polarization in the
¢ domains [white arrows go inside the lightly shaded (orange on-
line) stripes] everywhere but in the engineered domains [dark ar-
rows go outside in the medium shaded (green online) circular ar-
eas]. (h) A profile line of the amplitude image (marked in €) shows
the signal arrives at the same valued in the opposite ferroelectric
domains and (i) a profile line of the phase image (marked in f)
shows the signal changes in 180° at the interface between ferroelec-
tric domains, both supporting the fact that the potential electrostatic
contribution is eliminated.

ligible, as was stated earlier. Another contribution to the can-
tilever oscillation amplitude that should be considered is the
contact stiffness. Ferroelastic domains consist of alternating
a and c¢ crystallographic oriented regions, which will have
different elastic moduli. Therefore, one may expect to obtain
contrast in the amplitude image on the basis of this variation,
as is the case in atomic force acoustic microscopy
(AFAM).2%2! However, this contrast should depend on the
drive frequency and will switch sign depending on whether
one is driving the cantilever above or below the resonance.
We have found that the sign of the contrast we observe does
not depend on frequency, indicating that variations in contact
stiffness do not contribute to the imaging mechanism. Addi-
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tionally, if changes in the local elastic modulus would have
been significant, the signal obtained from the area around
grain boundaries should have been dominant and even distort
the image; however, this is not the case. This ultimately
makes image interpretation relatively straightforward. In
fact, the line profiles in Figs. 1(h) and 1(i) coincide with the
description of negligible electrostatic contribution as was
analyzed by Kalinin and Bonnell'® and Figs. 1(e) and 1(f) are
exactly the images one is expected to obtain with PFM, if the
signal is almost purely piezoresponse.

Another issue that may affect PFM is related to in-plane
vs out-of-plane domain imaging. This is accomplished by
measuring the vertical and lateral deflection of the cantilever,
respectively. In order to unequivocally detect these indepen-
dently and rule out any crosstalk, it is important to ensure
that the optics are optimally aligned. In the experiments pre-
sented below, the microscope was adjusted such that a verti-
cal deflection of the cantilever was not detectable in the lat-
eral detector and vice versa, thus avoiding the possibility of
any crosstalk.

II1. REVERSIBILITY OF DOMAIN SWITCHING

During the last few years, there have been several inde-
pendent works in which the response of ferroelastic domains
to external excitations was investigated. In the beginning, it
was shown that under an applied electric field, individual
elastic domain walls can move.'? Later, it was demonstrated
that the electric field can move several neighboring elastic
domains.'%122 Lastly, recent works presented that the elastic
domain motion can, theoretically, be controlled to some
extent.?>2* Moreover, although it is well known how ferro-
electric domains respond to electric fields, the interplay be-
tween ferroelectricity and ferroelasticity has remained ob-
scured due to the lack of a suitable technique to study both
simultaneously. Furthermore, although elastic domains can
move under an electric field, it is not yet clear whether this
motion is reversible. The behavior of ferroelastic domains
during ferroelectric domain reversal is technologically sig-
nificant, as many applications, such as nonvolatile memory
devices are based on the reversibility of ferroelectric do-
mains. Moreover, this is a fundamental question because if
the elastic domain motion is not reversible they are pseu-
doelastic and only if it is reversible they are ferroelastic. In
particular, some studies suggest that in some materials, the
first motion is randomly determined but can be reversed with
an opposite electric field.?? On the other hand, as was men-
tioned above, it has also been claimed that the reorientation
of the domains can be tuned only by selecting the appropri-
ate path of the external electric field so that the domains are
“dragged”??* but it is not clear if this tuning is reversible.
Therefore, we first wished to examine the reaction of ferro-
electric and elastic domains to opposite electric fields and to
explore the interplay between the two domain types.

For targeting this goal, we chose a 2 um X2 um area
that contains large grains with a rather homogeneous domain
distribution and imaged it with E-PFM [Figs. 2(a)-2(c)]. In
such an area, the effect of geometry is negligible so that the
observations reflect the behavior of a single crystal. We then
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FIG. 2. (Color online) Nonreversible 90° domains within revers-
ible 180° domains. [(a)—(c)] A topography, out-of-plane amplitude
and phase, and in-plane phase E-PFM images of the native domain
distribution in a granular area (left to right). [(d)—(f)] Topography,
out-of-plane amplitude and phase E-PFM images of the same area
after scanning the area while dividing it to 6 X 6 squares and apply-
ing 10 V between the tip and the bottom electrode, whereas the
polarity was changed when moving from one square to another. As
a result, ferroelectric domains arranged in the form of a chessboard
(phase) while the ferroelastic domain configuration has changed
(amplitude). [(g)-(i)] Topography, out-of-plane amplitude and phase
E-PFM images of the same area after scanning the area in the same
manner as before while reversing the polarity in each square. The
ferroelastic domains were reversed (phase), whereas the ferroelastic
domains assumed a new configuration (amplitude). [(j)—(1)] Topog-
raphy, out-of-plane amplitude and phase E-PFM images of the same
area after scanning the area exactly in the same manner as in the
first manipulation. The ferroelectric domains are back to their initial
excited state (phase) while the ferroelastic domains arranged differ-
ently from all previous arrangements (amplitude).

scanned the area while dividing it into 6 X 6 equal squares
and applying opposite bias (+10 V and =10 V) at any two
neighboring squares, forming a “chessboard” structure. The
ensuing domain distribution was then mapped with E-PFM
[Figs. 2(d)-2(f)]. The phase image [Fig. 2(f)] reveals that the
macroscopic polarization (ferroelectric domains) followed
the artificial chessboard patterning [Fig. 2(b)] while the fer-
roelastic domains [Fig. 2(e)] have changed in almost all of
the ferroelectric domains, mainly by reorienting themselves.
This is in agreement with recent studies that treat bundles of
ferroelastic domains as individual entities (metaelastic do-
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mains) that can form the macroscopic ferroelectric domains.?

Next, to explore the influence of an opposite electric field we
repeated exactly the same scan scheme as before while re-
versing the bias across the chessboard pattern. The outcome
of this manipulation is shown in Figs. 2(g)-2(i). Indeed, the
macroscopic polarization followed the patterning and has
been reversed accordingly [Fig. 2(i)]. Nonetheless, a careful
look at the amplitude image [Fig. 2(h)] reveals that the fer-
roelastic domains have changed once again to support the
new ferroelectric domain distribution, supporting again the
idea that bundles of ferroelastic stripes constitute the macro-
scopic polarization. Lastly, we scanned the area while apply-
ing the bias exactly in the same manner as in the first exci-
tation (opposite to the previous scan) and imaged the
resultant domain distribution [Figs. 2(j)-2(1)]. The resultant
imaging shows that ferroelectric domains had been reversed
again as expected [Fig. 2(1) phase, which is similar to the
phase in Fig. 2(i)]. However, the ferroelastic domain distri-
bution became different from what it was after each of the
previous scans, as well as from the native structure [Fig.
2(k)]. In fact, it should be noted that repeating this process
several more times, the ferroelastic domain distribution
changed continuously and did not converge to any particular
structure. Therefore, one can clearly deduce that ferroelec-
tricity is completely reversible with reversed electric field,
whereas ferroelasticity is not or at least not necessarily.
Nonetheless, when ferroelectric domains are switched, the
ferroelastic domains reorientate, probably to stabilize the net
macroscopic polarization of the ferroelectric domains. An
important outcome from this observed interplay between fer-
roelectricity and ferroelasticity is that the traditional treat-
ment of ferroelectric domains as independent entities seems
to be too naive, as ferroelastic domains play an obvious ma-
jor role in the dynamics of ferroelectricity and therefore can-
not be neglected. Moreover, the two previously proposed
mechanisms do not describe the switching mechanism under
the framework of the current study, requiring an alternative
explanation.

At this point, a natural explanation is that ferroelectric
domains have only two possibilities to pick from: “up” or
“down.” On the other hand, the additional degrees of free-
dom of ferroelasticity makes the writing process irreversible
as the domains can pick one of many possibilities, i.e., dif-
ferent angles of the stripes. These possibilities are finite as
they are determined by the geometrical boundary conditions
that are imposed, e.g., by the grain boundaries and by the
crystallographic match between the different phases of the
elastic domains between themselves as well as with the sub-
strate. Therefore, the possible angles in which the bundles
can rotate are discrete. At this point, one may presume that
the different ferroelastic domain arrangements are close in
energy and therefore each artificially made state is stable.

IV. RELAXATION MECHANISMS
OF BUNDLE DOMAINS

In order to examine the stability of artificially formed do-
mains, as well as to study the influence of boundary condi-
tions on the switching mechanism in finite patterns., we con-
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FIG. 3. (Color online) E-PFM imaging of engineered domains
relaxation in a large grain in PZT film. (a) The native domain dis-
tribution in the large grain as detected with amplitude (left) and
phase (right) E-PFM imaging (arrows and numbers are added to
guide the eye tracking areas of interest). (b) The engineered pat-
terns, superimposed on the topography—the area was scanned
while applying 10 V (bright areas) and —10 V (dark areas) between
the conducting scanning tip and the bottom Ir electrode. (c) The
ferroelastic (left—amplitude) and ferroelectric (right—phase) engi-
neered domain distribution—ferroelastic domains reorganized at
most of the ferroelectric domain boundaries, as observed 780 s after
the excitation. (d) and (e) show the domain relaxation in the area
1980 s and 72 h after the removal of the external dc field, respec-
tively (left—amplitude and right—phase). (f) The topography of the
area as imaged by atomic force microscopy is presented as a refer-
ence (all scale bars are 400 nm).

ducted a different experiment in which their relaxation was
examined.

In Fig. 3(a), the native ferroelastic and ferroelectric do-
main distribution within a grain is shown. Periodic stripes
(polytwins) perpendicular to the grain’s long side occupy
most of the grain, whereas the polarization in the ¢ domains
at the top of the grain is opposite to that of the bottom, as can
be seen in the amplitude and phase images, respectively. The
ferroelastic domain distribution complies with recent studies
that report a tendency of the polytwins to align not parallel to
the grain boundary.®?* Therefore, the bundle of stripe do-
mains at the bottom right side that is perpendicular to the
main orientation is not surprising, as the stripes there are still
perpendicular to a local grain boundary (designated by “77).
Similar to the previous experiment, the large size of this
grain suggests that its behavior should indicate the behavior
of a single crystal. The concept of the experiment was to
form a regular array of ferroelectric domains and observe
their evolution as well as that of the ferroelastic domains
therein. We divided the grain into small areas of different
sizes and imaged it while applying +10 V or —10 V (above
the dc coercive value of around 4 V) between the tip and the
Ir bottom electrode as indicated in Fig. 3(b). As a result, the
macroscopic out-of-plane polarization (i.e., the macroscopic
ferroelectric domains that appear in the E-PFM phase image)
formed the written structure as expected [right image in Fig.
3(c)]. Nonetheless, the amplitude image [left image in Fig.
3(c)] shows that although in some areas, the polarization was
reversed in the ¢ stripes, in many areas, the orientation (and
in some cases, the periodicity) of the stripes had been altered,
in agreement with previous studies,'®!-?>-2% as well as with
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the above experiment. As was demonstrated above and has
recently been shown, ferroelastic domains exist in ordered
arrays, or bundles, that behave as independent elastic do-
mains. This complies with the findings presented here in
which macroscopic ferroelectric domains are formed with
the aid of the modified bundle domains that are organized at
the interface between opposite ferroelectric domains to act as
mediators, as broadly discussed elsewhere.®

One probable explanation for this interplay between fer-
roelastic and ferroelectric switching is the possible high en-
ergy associated with the “head-to-tail” state, i.e., a state in
which excess charge is accumulated within ferroelastic do-
main walls.2027 To avoid such a state, when the external
electric field flips the polarization within the ¢ domains, the
polarization of the a stripes should also change accordingly.
As a result, the bundles have the flexibility to reorganize into
a different structure that may differ from the original struc-
ture in orientation. If there is an associated change in the
magnitude of the local shear strain due to the switching, the
ferroelastic domains will also change their width, as strain is
released perpendicular to the stripes along the axis in which
the unit-cell orientation is alternating.?32°

At this stage, we have not yet discussed the driving
mechanism that determines the bundle reorganization
(change in domain width and orientation) but it will broadly
fall into one of the following classes: (a) the original and
final ferroelastic domain distributions have the same energy
but with an energy barrier between them (i.e., a process that
is reminiscent of the glass transition) and (b) they have dif-
ferent energy. For (a), under the external electric field, excess
charge is accumulated at the domain walls and cannot be
neutralized. Furthermore, strain is also induced due to the
electromechanical coupling of the system (piezoelectricity).
Thus, when the electric field is large enough, the bundle is
excited above the energy barrier and randomly picks one of
the similar energy structures. The possibilities for the orien-
tation of the stripes are discrete, restricting how strain can be
released. In the absence of any dramatic geometrical influ-
ence (e.g., as in the case of large grains), these possibilities
are determined by the crystallographic orientation of both the
seeding layer and the ferroelectric film, as well as by the
matching between the two and by the matching between the
different elastic domains. When the excitation is removed,
the bundle remains in that structure which can differ from the
original state in orientation and domain width. In this case,
both the native and final states are at an energy minimum and
therefore should be stable. In the second possible scenario
(b), the free energy of the original and final states is different.
The former is the minimum-energy state in the absence of
external perturbations, whereas the latter arises to accommo-
date the uncompensated strain and domain-wall charging, in-
duced by the excitation. That is, the orientation and period-
icity of the perturbed bundles is determined by the manner in
which the electric field is applied. In this case, when the
excitation is removed, the ferroelastic domain distribution,
which was stable under the excitation, is not necessarily a
minimum-energy state any more. Moreover, the stronger the
excitation, the higher the energy of the excited state which in
turn will be more unstable higher on removal of the excita-
tion. Hence, when the excitation is strong, the excited state is
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expected to relax into a more stable state upon its removal,
whereas the relaxed state should be similar to the original
domain distribution or to another minimum energy of the
unperturbed state.

Since the final state is stable in the first case, (a), whereas
it is unstable in the second case, (b), by following the relax-
ation of the written patterns, it should be possible to deter-
mine which mechanism is responsible for relaxation. In order
to explore the stability of the written patterns, we imaged the
domain distribution at different times after the excitation re-
moval. The ferroelectric (phase) and ferroelastic (amplitude)
domain distribution of the same area was then recorded 1980
s after Fig. 3(c) was imaged, as presented in Fig. 3(d) (right
and left images, respectively), whereas it should be noted
here that Fig. 3(c) was completed 780 s after the excitation
was removed. One can clearly see that in many areas (the
arrows denoted by “1-3”), the ferroelastic domains returned
to their original distribution, whereas the macroscopic ferro-
electric domains had relaxed as well. It is interesting to note
that in these areas, the 180° domains remained reversed even
without having the mediating bundles.® That is, these areas
returned to their original state and the polarization was re-
versed in the middle of the ¢ domain stripes within the poly-
twins. On the other hand, in some areas, the written bundles
either remained unchanged (arrows “6-7"), or shrunk (arrows
“4-5”). The area was then imaged continuously during the
next 3 days. The written domains in the areas designated by
“4” and *“5” vanished soon while no other apparent changes
occurred, as can be seen in Fig. 3(e) (the 26th scan, after 72
h). In other words, after the excitation was removed, the
ferroelastic domains relaxed to an equilibrium state over a
period of approx 10% s, with little or no change detected
beyond that, as measured to 10° s.

The empirical Arrhenius equation describes the relaxation
rate K30 Since the relaxation time satisfies 7=K~!, the
Arrhenius equation can be rewritten as

7= 15 exp(E /kgT), (1)

where E, is the activation energy or the potential barrier of
the excited state, kg is the Boltzmann constant, and 7, de-
pends on both the material and temperature (7).3° The fact
that no apparent changes were observed after ~10° s indi-
cates that to first order, this is the approximate relaxation-
time constant of the system. Previous studies on PZT under
ambient conditions (i.e., similar 7;) show that the relaxation-
time constant of 180° domains in the presence of 90° do-
mains is on the order of 7=~10° s.2* The two orders of mag-
nitude difference between the relaxation time of 90° and
180° domains implies that the two relaxation mechanisms
are different in their nature, in accordance with the fact
that the process of 90° domain switching includes an
additional mechanical influence. Based on the data presen-
ted in previous works,’*3! 7,=10° s for PZT at room tem-
perature. Hence, from Eq. (1), one can extract the difference
in the activation energy between the two mechanisms:
Ea7180°/E0790°=1n(7180°/ To)/lﬂ(TgOO/ 7'0) =2. Namely, the po-
tential barrier confining a written 180° domain is about twice
as high as the potential barrier of a written 90° domain.
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FIG. 4. (Color online) E-PFM imaging of engineered domains
relaxation in a smaller grain in PZT film. (a) The native domain
distribution in the small grain as detected with amplitude (left) and
phase (right) E-PFM imaging (arrows and numbers are added to
guide the eye tracking areas of interest). (b) The engineered pat-
terns, superimposed on the topography—the area was scanned
while applying 10 V (bright areas) and =10 V (dark areas) between
the conducting scanning tip and the bottom Ir electrode, as detected
780 s after the writing process was complete. (c) The ferroelastic
(left—amplitude) and ferroelectric (right—phase) engineered do-
main distribution—ferroelastic domains reorganized at most of the
ferroelectric domain boundaries. (d) and (e) show the domain relax-
ation in the area 2760 and 6660 s after the removal of the external
dc field, respectively (left—amplitude and right—phase). (f) The
topography of the area as imaged by atomic force microscopy is
presented as a reference (all scale bars are 250 nm).

The observed relaxation of the bundle domains indicates
that the reorientation of the bundles under the applied elec-
tric field is an unstable state, which relaxes into a stable state
that is almost identical to the original ferroelastic domain
distribution, although the switched ferroelectric (180°) do-
main distribution can be stable. Therefore, our observation
supports the second mechanism [i.e., (b)] proposed above,
suggesting that the 90° domains reorganization occurs only
to reduce the free energy when the electric field is being
applied. When the excitation is removed, the new state is
unstable and decays to the initial domain distribution or one
of similar energy.

The next step was to explore the influence of local geom-
etry on the stability of the excited domains. Therefore, we
looked also at the domain relaxation within a smaller grain
that was excited and observed in the same manner as the
larger grain, as demonstrated in Fig. 4. One can see that in
the smaller grain, under the electric field, the ferroelastic
domains organized similarly to the way they did in the larger
grain, i.e., reoriented to allow field closure and to act as
mediators at the boundaries of the macroscopic ferroelectric
domains. Nevertheless, in this case, the excited ferroelastic
domains remained pinned and did not relax to their original
state after a long time. The dependence of the relaxation on
the grain size, that is presented in Figs. 3 and 4 represents the
typical behavior we have observed in our experiments. For
instance, the area in Fig. 1 was imaged a long time after the
last excitation and the elastic domains have returned to their
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FIG. 5. (Color online) Schematic energetic profile of 90° do-
main relaxation. (a) When cooled below the Curie temperature, the
ferroelectric material is organized into its native ferroelectric and
ferroelastic domain distribution. (b) When an external electric field,
E, is introduced during the writing process, the native state (i) is not
any more the lowest energy state, due to the induced charge and
strain (II). Therefore, if the excitation is above a certain energy
value, the ferroelastic domains will organize into a lower energetic
state (IIT). (c) Removing the perturbation, the new state becomes
unstable (i) and the ferroelastic domains return to their original
native state (II), in a time constant that depends on E,,. However, the
polarization (ferroelectric domains) of this state can differ from the
original distribution, i.e., there is a “memory effect” of the fer-
roelastic domain relaxation. In the case of smaller grains, the engi-
neered ferroelastic domain distribution is stable due to either a high
potential barrier that slows down the relaxation (dashed line in ¢) or
because the final state is of the same energy as the original one, due
to the effect of boundary conditions (I and II in d).

original state. In fact, this dependence on grain size complies
with recent works that link the ferroelastic domain distribu-
tion with the grain size.®3? It has also been shown that grains
with a lateral size equal to or smaller than the film thickness
usually tend to have only a single bundle domain, i.e., a
single coherent striped domains structure. It should be noted
that we saw that when such thin grains are excited, the entire
bundle is rotated into a different orientation and the resultant
bundle remains unchanged a long while (>10° s) after the
excitation removal. Moreover, we saw that the smallest
ferroelectric domains that were successfully written by a
switched bundle is of a typical lateral size of ~80 nm,
which is comparable with the film thickness.

Based on the above, the driving mechanism of the fer-
roelastic domain relaxation can be described as follows: (a)
when undergoing the ferroelectric phase transition, the grain
is split into elastic domains; (b) under an external electric
field, the native domain distribution is excited due to strain
and uncompensated charge at the domain walls; (c) when the
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excitation corresponds to energy that is higher than a certain
threshold value and over the area that is larger than the film
thickness, the elastic domains are excited and free to move;
(d) the domains reorganize into a new structure that mini-
mizes the free energy under the perturbing electric field; and
(e) when the excitation is removed, the domains may or may
not relax, depending on the geometrical constraints: (1) in
the absence of dramatic geometric boundary conditions (e.g.,
in the center of large grains), the domains will relax into a
structure that is similar to the original distribution, which is
likely to be an absolute free-energy minimum state and (2) in
the presence of geometrical constraints (e.g., small grains),
the domains generally remain pinned. This may occur due to
one of two reasons: (i) the free energy of the final domain
distribution is close to that of the original state, i.e., the free
energy is at its minimum in both cases or (ii) the geometrical
boundary conditions increase the energy threshold of domain
reorganization. Therefore, although the free energy of the
new domain distribution is only at a local minimum and not
at an absolute one, the energy needed to exit this state is too
high to occur spontaneously, making the state metastable. A
summary of the entire mechanism is illustrated in Fig. 5.
Figure 3 indicates that when a ferroelectric domain is
switched with a scanning tip at a scale larger than the film
thickness, the ferroelastic domains are also switched to sup-
port the new state, probably by preventing a head-to-head
state. On the other hand, Fig. 3 demonstrates that in finite
structures, the ferroelectric domains can be switched in the
middle of the bundle. This indicates that the elastic interac-
tions contribute to the energy more than the electric interac-
tions. Finally, Fig. 1 shows that when a ferroelectric domain
is switched at the center of the bundle by applying a pulse
with a stationary tip, the ferroelastic domains remain un-
changed, even at the cost of a head-to-head state. The behav-
ior of the domains in Fig. 1 may have two possible explana-
tions. First, the diameter of the tip is much smaller than the
film thickness so that the electric field applied by the tip is
attenuated rather close to its center. This means that the en-
ergy of the excitation is concentrated in an area that is much
smaller than the film thickness and the ferroelectric domains
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in Fig. 1 are much smaller than the bundle surrounding it.
Therefore, even if the electric part of the energy is reduced
when the excess charge of the head-to-head state is compen-
sated, the mechanical part of the energy involved with a
formation of such a small bundle is probably too high. That
is, in this mechanism, the electric part is dominant over the
contribution of the elasticity to the energy. Second, Balke et
al.”® have recently suggested that when a voltage is applied
on the sample through a scanning tip, the elastic domains
may be dragged by the tip, whereas this is not possible with
a stationary tip (they explored a multiferroic material in the
rhombohedral state but the concept may be used also in
ferroelectric ferroelastic systems). Nevertheless, a conclusive
explanation for the origin of this difference is not yet clear.

V. CONCLUSIONS

To conclude, we demonstrated here how ferroelastic do-
mains are organized under an electric field at a low scale
(within the ferroelastic stripes) as well as at the intermediate
scale (at the scale of the bundles). We discussed the stability
of the written domains (at the intermediate scale) and we
demonstrated how they relax as well as how the relaxation
depends on geometrical conditions, and we proposed differ-
ent switching mechanisms for both single-crystal-like struc-
tures and finite patterns. Finally, we showed that under op-
posite electric field, ferroelectric domains are reversible,
whereas ferroelastic domains are not, and we illustrated that
the ferroelastic domain distribution controls the previously
reported macroscopic ferroelectric domain engineering in
simple multiferroic systems, which constitutes the basis of,
e.g., ferroelectric-based memory devices.
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