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Nanoscale Origins of Nonlinear Behavior in Ferroic

Thin Films

Rama K. Vasudevan, M. Baris Okatan, Chen Duan, Yoshitaka Ehara, Hiroshi Funakubo,
Amit Kumar, Stephen Jesse, Long-Qing Chen, Sergei V. Kalinin,* and Valanoor Nagarajan*

The nonlinear response of a ferroic to an applied field has been studied
through the phenomenological Rayleigh Law for over a hundred years. Yet,
despite this, the fundamental physical mechanisms at the nanoscale that lead
to macroscopic Rayleigh behavior have remained largely elusive, and experi-
mental evidence at small length scales is limited. Here, it is shown using a
combination of scanning probe techniques and phase field modeling, that
nanoscale piezoelectric response in prototypical Pb(Zr,Ti)O; films appears
to follow a distinctly non-Rayleigh regime. Through statistical analysis, it is
found that an averaging of local responses can lead directly to Rayleigh-like
behavior of the strain on a macroscale. Phase-field modeling confirms the
twist of the ferroelastic interface is key in enhancing piezoelectric response.
The studies shed light on the nanoscale origins of nonlinear behavior in

disordered ferroics.

1. Introduction

The nonlinear response of a ferroic to an applied stimulus (e.g.,
electric field, mechanical stress) is a fundamental characteristic
that underpins a number of technologically significant applica-
tions.?3] It is also the driving feature in numerous physical
phenomena, such as interfacial motion,*’! spin glasses,®
relaxors”! and phase transitions.®l In particular, nonlinearity
associated with minor hysteresis loops is an extremely useful
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avenue to explore energy dissipation and
losses in such systems. This knowledge is
necessary for the design of future mate-
rials with enhanced low-field properties.
Quantitatively, the macroscopic nonlinear
response of ferroic systems at low to mid-
range amplitudes of driving fields is given
by the phenomenological Rayleigh law,"!
first conceived in 1887 for magnetic mate-
rials. Yet, the applicability of the Rayleigh
law at small length scales has not been
extensively studied.

The first major attempt to produce a
physical model to explain Rayleigh's law
of weak-field magnetic hysteresis was
provided by Néel in the 1940s.'% In his
seminal paper, Néel assumed the problem
of the motion of a domain wall through
a medium with random defect distribu-
tion under weak field excitation, and found that such behavior
results in magnetization that is well described by the Rayleigh
law. In its general form, the Rayleigh law states that there is a
linear dependence of the susceptibility on the applied field, and
that this dependence arises from small, irreversible domain
wall motions resulting in hysteretic response.'!l However, such
an analysis may no longer hold valid where the spatial distribu-
tion of variation in the pinning potential is of the same order as
the displacements of the propagating interface, and therefore
suggests an inherent size limit for observing Rayleigh behavior.
For example, scanning probe-based studies on ferroelectric thin
films by Shvartsman et al. indicated that the piezoelectric coef-
ficient may not be field-dependent at the nanoscale.'?l From
a theoretical perspective, efforts have ranged from the mecha-
nisms mediated by dynamics of a single wall in the presence of
static or moving pinning centers!!>-1% to the nature of the order
parameter that characterizes the domain wall.?22 Recent
experimental studies have also highlighted the key role of col-
lective domain wall interactions,?’ as well as the Rayleigh-like
behavior of non-180° domain wall motion,?* in contributing to
nonlinear behavior.?>?% Studies on ferroelectric thin-films have
also shown that even the mostly-reversible motion of any inter-
face (“dynamic poling”) can result in a Rayleigh-like behavior
of the strain.?’-?l Yet, despite 125 years since the Rayleigh law
was conceived, a clear picture of the behavior at the nanoscale
is yet to emerge, and in particular, the degree of enhancement
in the response from interfacial motion at such length scales
has not been well characterized experimentally.
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In this report we use advanced band-excitation scanning
probe techniquesB% alongside phase-field simulations to reveal
the nanoscale origins of nonlinear behavior in ferroelectric thin-
films at the single-domain level. The band-excitation probes
allow direct imaging and measurement of piezoresponse at
individual domain walls, and overcome inherent resolution
limits that have stymied experimental approaches to date. We
note here that the term “piezoresponse” hereafter refers to the
local bias-induced strain generated through the converse piezoe-
lectric effect, resulting from applying a probing AC voltage (V)
to the cantilever tip. We find that the piezoresponse is heavily
position-dependent, and often does not follow the expected
Rayleigh regimel3!l observed for meso- and macro-scale probed
volumes of ferroelectrics. Additionally, the activated motion
of ferroelastic walls, initiated at a critical energy level (in our
case critical voltage V,) is a source of significant deviation from
linear intrinsic material response. In contrast, experimental
studies and modeling of a single ferroelectric (180°) wall show
no enhancement in the piezoresponse from wall motion.
Deconstructing the piezoresponse curves at individual points
(i-e., local measurements) indicates that piezoresponse for the
case of ferroelastic domains appears to follow a two linear seg-
ments (TLS) model, with the gradient of the second segment
(Vac > Vo) generally higher than the gradient of the first (V. <
V,). The increased gradient in the second segment is ascribed
to the onset of a wall motion, comprising the extrinsic response
whose amplitude is found to exhibit a linear dependence on V,.
up to the maximum amplitude of the probing voltage applied.
Phase-field modeling confirms the crucial role of the twist of
the ferroelastic interface in enhancing the local piezoresponse.
Through an averaging approach, it is shown that a distribution
in V. and other response parameters leads directly to a type of
nonlinearity in piezoresponse on the macroscale, and results
in the observed linear dependence of the effective piezoelectric
coefficient on the applied bias, consistent with the Rayleigh law.
Hence, collective responses from individual non-Rayleigh-like
activated motion of ferroelastic walls at the nanoscale can lead
directly to Rayleigh-like behavior as an assemblage on larger
scales.

2. Results and Discussion

To explore the nanoscale origins of Rayleigh behavior, we choose
films of the widely studied prototypical ferroelectric Pb(Zr,Ti)O3
(PZT) as a model system. This choice offers numerous advan-
tages: imaging of the domain structures on films, with nanom-
eter precision is relatively common with commercially available
piezoresponse force microscopy setups. Moreover, PZT films
provide a tunable mix (through strain-engineering®?) of ferroe-
lectric and ferroelastic walls at which the piezoelectric response
can be investigated. Since the domain period (and therefore the
length scale of the elastic interactions) can also be controlled by
varying the film thickness, the response of a single wall, as well
as a collective response in an array of domains, can be studied.
To decouple the possible contributions, and explore the inter-
play between single-wall and collective response, three samples
of were examined: 1) 2 um-thick PZT, 2) 200 nm-thick PZT
films exhibiting a/c domain structure, and 3) 200 nm-thick
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c-axis-only PZT film containing purely ferroelectric (180°)
walls.

The band-excitation method was used to determine the
response of the films across an AC bias range, at individual
points within a pre-defined grid. The field-dependent piezore-
sponse of the 2 um PZT film was investigated first. The domain
structure, as explored using PFM, is complex and consists of
an array of a- and c-domains, as evidenced by the lateral PFM
amplitude image in Figure la. Based on lateral and vertical
PFM data captured, a polarization map of the region was pro-
duced, which is shown in Figure 1b. In this map, it can be seen
that there exists predominantly ferroelastic walls (marked in
red); however, 180° ferroelectric walls (green) and other more
complex a/a domain walls also exist (blue). Note that we have
assumed head-to-tail polarization alignments in assigning the
polarization directions, and determined the tilt of the a domains
by examining the vertical PFM image.l3® It is important to note
that the walls are not straight, i.e. there exists a complex struc-
ture underneath the surface. Thus, this serves as a platform in
which the effects of collective interactions can be explored, as
the domain period is on par with the probed volume, i.e., the
probed region (=10* nm?)3* is likely to consist of at least one,
and in many cases several, domain walls.

The average piezoresponse loop for the region enclosed in the
white square shown in Figure 1a is graphed in Figure 1c, and
was obtained by the band-excitation PFM method. The average
piezoresponse loop displays a sharp change at applied voltages
of V=0V (forward, lower branch) and V=-3 V (reverse, upper
branch). Nonlinear macroscopic ds; hysteresis measurements
(captured on a 50 um in diameter top electrode) are shown in
Figure 1d, and confirm that the film displays large electrome-
chanical response.3>3% X-ray diffraction data (Supporting Infor-
mation S1) suggests that the cause of the large piezoresponse
in this film is ferroelastic switching, which is confirmed by
increase in the c-domain fraction of the film (from 24% to 42%)
after one switching cycle. Importantly, the macroscopic ds;
hysteresis loops also shows sharp features in the sub-coercive
range, similar to the average piezoresponse hysteresis; there-
fore, this suggests that these experiments are indeed probing
the local analog of the macroscopic properties.

The (vertical) piezoresponse was captured in the boxed
square drawn in Figure 1a, by dividing the area into a 70 x 70
grid and using the PFM tip as a probe to measure the (BE-) pie-
zoresponse (i.e., the PFM tip is itself the electrode) as a func-
tion of AC bias. Care was taken to ensure that the choice of
excitation function was such that cantilever nonlinearities were
kept to a minimum (Supporting Information S2).%”)

Based on the data captured, we were able to discern three
different types of behaviors (i.e., dependencies of the piezore-
sponse on V, ) within this region, which are indicated as three
separate colors in the fitting plot in Figure 2a. (Statistical details
are provided in Supporting Information S3). In this plot, blue,
green and red dots, respectively, mark points where piezore-
sponse at that particular grid-point shows linear, quadratic and
“two-linear segment” (TLS) type behaviors. Points where no fit
was possible, due to low and/or scattered signals are left empty
(i-e., white). These largely stem from the very low piezore-
sponse found in the a-domains. Examples of the different types
of behaviors observed are plotted in Figure 2b.
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Figure 1. Domain structure and switching experiments of thick PZT sample. a) 1 um x 1 um lateral PFM amplitude image of the 2 um-thick PZT
sample, showing large, complex a/c domain structures. A nonlinear study in the white boxed region in (a) was performed. By combining lateral and
vertical PFM images, a vector PFM map of the region studied was produced, shown in (b). c) Average piezoresponse loop from the white boxed region
in (a), showing distinct hill-like features. Macroscopic phase (black) and dj3 (red) response as a function of applied bias is shown in (d), as measured

by direct PFM.

From the fitting plot, it is clear that in general, the TLS
behavior is predominant in areas where the data were reliable.
The piezoresponse (P) at each of these points can be character-
ized by a piecewise function:

04 Ve + c1, Vae < V
P(V..) = ac > Vac c
(Ve {anac+ €2, Vi > Vi (1)

where V, is the critical (transition) bias. The fact that TLS
behavior is commonly observed at these length scales points to
the conclusion that the piezoresponse does not tend to follow
the traditional Rayleigh regime, in which it is expected to exhibit
a quadratic dependency on V,, i.e., resulting in a piezoelectric
coefficient that would be a linear function of V,..

The defining feature of the TLS behavior observed is the
ratio of the two slopes, i.e., a/0y. We posit that the initial
linear region, V,. < V,, is defined by reversible intrinsic (lattice)
response (and, if any, reversible contributions due to domain
wall vibrations as well), after which the activation energy for
irreversible domain wall motion (the transition bias, V) is
reached, and extra contributions from the wall motion arise.
We note here that while it may be possible that the second
linear region corresponds to the activation of reversible domain
wall motion, the fields applied by the tip are relatively large
(=1 kV mm™! for the 2 um film as a first approximation), and,
combined with minor loop data (unpublished) at voltage ranges
12.5 V that shows hysteresis, suggest irreversible processes can
easily be activated at the voltages used in this study. The transi-
tion bias V, is therefore an indication of the degree of pinning of
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the domain wall, by either substrate, defects!'!! or surrounding
domains. Thus, the o is a measure of the intrinsic response,
and o, is a measure of the intrinsic response plus the addi-
tional contribution from domain wall motion at that grid point.
Since both o4 and o, vary spatially, then computing the degree
of extrinsic response relative to the intrinsic (lattice) response
requires mapping the oy/o; ratio. Points where there is no
extrinsic contribution, i.e., domain wall movement is severely
hindered and thus absence of a transition bias V,, results in
the linear response shown in Figure 2b, while points where
the /0y is distinctly high should correspond to areas where
the relative contribution of domain wall motion to the piezore-
sponse is significant (dominant). The 0,/cq map is shown in
Figure 2c. Here, it is readily apparent that this ratio peaks at the
domain boundaries, which would be consistent with ferroelastic
wall motion as being the source of the increased piezoresponse
above the critical bias V.

To observe the various fitting parameters as a function of dis-
tance to the ferroelastic wall, we consider the c-domains indi-
cated by dashed lines in Figure 2c. Data and schematics per-
taining to this region are displayed in Figure 2d—g. In Figure 2d,
the o,/ 04 ratio is plotted on the y-axis, while the domain sche-
matic indicating the a/c domains structure in the same region
is shown above the 3D scatter plot in Figure 2e. Taken together,
it is evident that as the ferroelastic walls are approached, there
is significant peaking in the 0,/ ratio. Within the middle of
the c-domains, the ratio is =2—4. Since the domain walls in this
sample are tilted, and the tip is of finite radius, this behavior at
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Figure 2. 2 um-thick PZT sample piezoresponse analysis. a) Fitting map for acquired nonlinear data in 700 nm x 700 nm area marked by white outline
in Figure Ta. Regions where the response was best modeled with a TLS fit are marked in red, while regions displaying linear response are marked in blue.
Regions displaying quadratic behavior are green. Finally, areas where no fit was possible (due to poor signal) are empty. Of the 2899 grid points, 13%
are linear, 26% are quadratic, and 61% are TLS. Examples of these types of behaviors are shown in the five individual response plots (shifted vertically
for clarity) in (b). A plot of the a,/0,; ratio for the studied region is plotted in (c). Shown in the right hand column is a panel figure (d—g) composed of
data and schematics concerning the c-domains outlined (dashed lines) in (c). A plot of the o,/ ey ratio in this region is displayed in (d). A schematic of
the underlying domain structure, complete with the wall tilts, is indicated in the side-on view in (). o4, 05, and P(V,) of the four c-domains from this
perspective are plotted in (f), from bottom to top, respectively. Depicted in (g) is a schematic of ‘hard’ and ‘soft’ sides of the c-domains.

the centre of the c-domains could be due to peripheral contri-  critical voltage, P(V,), for the same region in Figure 2f. These
butions from the motion of nearby ferroelastic walls. plots show that all three parameters appear to peak close to the

To analyze the relationship of the domain wall to the response  left edge of the c-domains, and are lower on the right hand side
of the system further, we plot o, o, and piezoresponse at the  of the c-domains. This is most likely due to the tilted nature
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of the a/c domain walls, which results in two regions within
the c-domain, labeled “soft” and “hard”, as indicated in the
schematic in Figure 2g. The peaking of the parameters at the
soft region highlights the crucial role of tilt of the ferroelastic
wall in determining the final piezoresponse: when the wall
is in close proximity, but where there remains a very signifi-
cant fraction of c-domains in the probed volume, the response
peaks. On the other hand, when the tip is near the hard region
of the c-domain, the c-domain within the probed volume is
effectively more clamped. These factors lead to asymmetric
response across the c-domains, and highlight the crucial role of
the presence and tilt of the ferroelastic wall in determining the
final piezoresponse. We note here that similar asymmetry was
found in the out-of-plane strain within c-domains across a ¢/a/c
domain boundary in a lead titanate film by Catalan et al., using
scanning transmission electron microscopy.*®l

At the same time, we note here the smaller but not insig-
nificant number of points that are green in Figure 2a, which
correspond to piezoresponse with a quadratic dependence on
Vi This could be due to contributions from multiple domain
walls in the probed volume. To determine whether this is the
case, we carried out the same experiment on a PZT sample of
same composition but with a thickness of 200 nm. This sample
has a significantly lower domain density, and hence reduces the
number of walls in the probed volume. The domain structure is
shown in the vertical PFM amplitude image in Figure 3a, and
exhibits the typical cross-hatch pattern®¥! with thin a-domains
embedded within a largely c-domain matrix. The AC dependent
piezoresponse was studied using an AC sweep voltage range of
0.1 to 4.92 V,. at each point in a 100 x 100 grid in this region.
The fitting map for this film is shown in Figure 3b. Almost
80% of points exhibit TLS behavior, as indicated by the red
points, lending support to the idea that the reason for quadratic
behavior at some points in the thicker PZT film is likely due to
the collective motion of multiple domain walls in the probed
tip-volume, because the main difference between the two sam-
ples (which are of same composition) is the density of domain
walls.

The o,/ 0y ratio map for the 200nm-thick PZT film is shown
in Figure 3c. Again, it is apparent that the ratio tends to increase
near the a/c domain walls; this would be consistent with fer-
roelastic wall motion as the source of enhanced piezoresponse.
On the other hand, the ratio is somewhat smaller than in the

www.afm-journal.de

2 um-thick film. Presumably, this is due to increased clamping
of the ferroelastic walls by the substrate. In the case of the
thicker 2 um film, the degree of clamping is determined only
by the surrounding domain architecture as opposed to substrate
effects, and therefore likely to contain more labile ferroelastic
walls. The extent to which the substrate clamping influences
the TLS response parameters is a subject of future studies.

To determine the role of substrate-induced strain on the
mobility of the ferroelastic domain walls, the transition bias V,,
for both 2 pm- and 200 nm-thick PZT films was inspected, and
is shown in the histogram in Figure 4a. The transition bias is
significantly higher for the thinner film, with a peak at =3.8 V,
as opposed to =2.0 V for the 2 um-thick PZT film, again high-
lighting the increased clamping of the ferroelastic walls in the
thin film (spatial maps and histograms of V, along with oy, o,
etc. for samples studied are provided in Supporting Informa-
tion S4).

To ascertain the link between the microscopic and macro-
scopic (i.e., average of all individual responses) piezoelectric
behaviors, we plot the average responses from the three dif-
ferent types of responses in the 2 um-thick PZT in Figure 4b.
The average response of the points exhibiting TLS, quadratic and
linear behavior is plotted, respectively, in red, green and blue.
The overall average of the entire studied region (excluding white
colored regions in Figure 2a) is graphed as a solid black line.
Although the quadratic behavior is associated with only 26% of
all the points shown, the overall average piezoresponse is best
represented by a quadratic behavior. In this case, such a quadratic
response for overall average piezoresponse arises due to a spread
of TLS responses at individual points resulting in an average
TLS response with a broad, diffuse transition region. To investi-
gate this further, we calculated the average response that would
be expected from a collection of TLS behaviors, as a function
of voltage. The formulation of this calculation is given in Sup-
porting Information S5. Accordingly, calculations indicate that
due to a distribution in the critical bias V,, the resulting average
behavior will be a significantly smoother curve than in the micro-
scopic response. Furthermore, this simple approach indicates
how macroscopic nonlinear behavior with quadratic dependence
on probing voltage can stem from activated, individual domain
wall motions—the only necessity is a distribution of behaviors,
which can be expected for any real sample (e.g., due to presence
of defects, spatially inhomogeneous strain fields,*® etc.).

80 85 90 95100 5100

1 5 1015 20 25 30 35 40 45 50 55 60 65
X

Figure 3. Study of 200 nm-thick PZT sample. a) Vertical PFM amplitude image, showing the typical cross-hatch pattern. b) Fitting map, with the same
color scheme as in Figure 2a. Of the 8080 grid points, 10.8% are linear, 9.6% are quadratic, and 79.6% are TLS. TLS behavior is the most commonly
observed response. c) o,/ oy ratio spatial map for the same region. Again, the peaking of the ratio at the a/c domain boundaries is evident.
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Figure 4. Distributions in individual response can lead to Rayleigh behavior. a) Histograms for the transition voltage V, for the 2 um- and 200 nm-thick
PZT films. The presence of a distribution in the transition bias leads directly to a nonlinear behavior at the macroscale. The average piezoresponse
from regions displaying TLS, quadratic, and linear responses are shown in (b) for the 2 um thick film. The overall average of all studied points shown
in Figure 2a is plotted as a solid line for comparison. c,d) Dependence of d.g on V,, respectively, for 2 pm- and 200 nm-thick PZT films. e) The expected
hysteresis loops for the 2 pm-thick PZT film along with their corresponding P, values (horizontal dotted lines) from Figure 4b given bottom to top,

respectively, for a series of V™ :0.5,1, 1.5, 2 and 2.5 V.

To determine how local response can lead to Rayleigh
behavior on larger length scales, we calculate the effective pie-
zoelectric coefficient dyg as,

AP P (Vi) — PV,
g AP P(V) = P(W 2
Avac Vac_ Vr

where AP and AV, are, respectively, the change in the overall
average piezoresponse and AC probing voltage from the refer-
ence condition (P(V;),V,). Minimum probing AC voltage was
chosen as the V,, i.e., V,=0.5V and 0.1V for 2 um- and 200 nm-
thick PZT films, respectively. The underlying notion is that the
second linear region of the TLS model arises from irreversible
(rather than reversible) domain wall motions. Analogous to the
electric/stress field dependent variation of the converse/direct
piezoelectric coefficient,'1'?*] the Rayleigh law in our case for
the evolution of d.g with V,. can be written as

defr = do + ot Vac (3)

where dy and oy are the initial d.g at V,. = 0 and the Rayleigh
coefficient for d.g, respectively. dy and oyV,. represent, respec-
tively, the contributions from reversible and irreversible piezo-
electric mechanisms to d.g separately. The variation of d g for
2 um- and 200 nm-thick PZT films are shown in Figure 4c,d,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

respectively. It can be clearly seen that the 2 um-thick PZT
film obeys the Rayleigh law throughout the V,. range studied
but surprisingly with two distinct Rayleigh behaviors becoming
apparent with respect to a Rayleigh transition voltage, Vgr =
1.8 V whereas the 200 nm-thick PZT film exhibits only one
Rayleigh behavior up to V,. = 3.1 V above which variation of deg
follows a non-Rayleigh-like behavior. It is worth of noting here
that such nuances from the regular Rayleigh behavior is due to
non-uniformly distributed V. values, Figure 4a, whereas if the
distribution of V, values was uniform then it would be possible
to maintain the regular Rayleigh behavior over the whole range
of probing voltages investigated. The Rayleigh behavior of the
films are given as

i) 2 um-thick PZT film

dest = 8.579 x 107° + 2.673 x 10> x
Vi 1% Rayleigh region(V, < Vgr & 1.8V) (4)

—2.782x 107>+ 8.9 x 107°x
V,e 2" Rayleigh region(V,.> Vgr ~ 1.8V) (5)

deﬁ~ =

Adv. Funct. Mater. 2013, 23, 81-90
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Figure 5. Probing the role of 180° wall motion. a) 1T um x 1 um topography. b) Vertical PFM amplitude and associated c) vertical PFM phase image of
a written 180° domain wall. A band-excitation piezoresponse study was performed in this region. The response was mostly linear across the sample,
as shown in the fitting map in (d) (the color scheme is the same as that used in Figure 2a). Of the 2303 points shown, 84.2% are linear, 1.7% is quad-
ratic and 14.1% are TLS. e) A map of the linear coefficient 04 shows the contrast decreases in the vicinity of the ferroelectric domain wall. The average

piezoresponse in the studied region is plotted in (f).

ii) 200 nm-thick PZT film

dest = 4.714 % 107° + 1.456 x 107°x
Vie = (V,.< 3.1V) (6)

In analogy with the strain-electric field Rayleigh loops,3% here
we give a similar relation between the overall average piezore-
sponse, P, and V,. employing the d, and ¢y parameters as

Puc = (do - ta V™) Vie & 5 [ (V) = (o] o)
where V" is the maximum (amplitude of the) probing AC
voltage. The — and + signs refer to the branches of the loop
on which V,. monotonously increases and decreases, respec-
tively, between £ V™ _ The expected hysteresis loops from
Equation (7) for a series of V™ . along with their corre-
sponding P, values (horizontal dotted lines) from Figure 4b
are shown in Figure 4e for the 2um-thick PZT film (plots for
the 200 nm-thick PZT film are provided in Supporting Infor-
mation S6). It seems the P, at the tip of the loops V,. = V™
a 1s underestimated in the 1%' Rayleigh region and overesti-
mated in the 2" region. A confirmation of such a phenomenon
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would require investigation of minor hysteresis loops and non-
linearity at the nanoscale concurrently, which remains ongoing.
However, we simply emphasize here that the key features of the
Rayleigh law are recoverable when TLS behaviors are spatially
averaged over larger length scales.

In order to decouple the piezoelectric coefficient contribu-
tions from ferroelectric and ferroelastic wall motion, meas-
urements were performed on a PZT sample of same compo-
sition (thickness 200 nm) that is c-axis oriented, i.e., exhibits
only c-domains. A 180° wall was created by biasing the tip at
+10 V and scanning across the sample, and subsequently scan-
ning over half'the pre-poled area, as shown in the topography, ver-
tical PFM amplitude and associated phase images in Figure 5a—c.
An AC-dependent piezoresponse study (range 0.25 to 4V, was
then performed in this region. The fitting map is shown in
Figure 5d, with the majority of the map colored blue, indicating
purely linear fits to the data (the color scheme is the same as
used in Figure 2a). Some points show double-linear behavior,
which are marked red. The ferroelectric wall itself provides no
response and is thus white. The o; map for this sample (i.e.,
the linear coefficient at each point) is drawn in Figure 5e. The
average piezoresponse across the sample, for the three different
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Figure 6. Phase-field modeling of behavior of ferroelectric and ferroelastic wall under applied fields. Shown in (a) is z-surface (i.e., x-y plane of polari-
zation P3) of a simulated c/a/c ferroelastic domain structure (the x-z plane is inset, showing P, and the direction of wall tilt). Similarly, a simulated
ferroelectric (180°) wall is shown below in (b) (z-surface, polarization map P;). The tip was then placed at various points along the dotted lines in (a)
and (b) and the local surface displacement was calculated as a function of (DC) bias. The individual response curves for points along the dotted lines
are graphed in (c) and (d) for both domain wall types. From the calculated ferroelastic wall responses, we applied our phenomenological model and
calculated o4, o, and the ratio a;,/04 for each point. The line profiles calculated for the ferroelastic wall in this way are shown in (e). A spatial map of
o, from a single c-domain in the thick PZT sample, with the soft and hard edges marked, is shown in (f) for comparison.

types of responses, is plotted in Figure 5f. The average is well
described by a purely linear equation. We note here that it has
been found that even the motion of a ferroelectric wall can
increase the piezoelectric coefficient, and result in a strain-ac
electric field amplitude nonlinearity, providing the applied field
drives a nearly reversible poling/de-poling process, which has
been termed the “dynamic poling” model.?”-?%! In our case, it
may be that the ferroelectric domain wall is heavily clamped,
and thus the response is purely intrinsic. Alternatively, the con-
tribution from such a mechanism may be small enough to make
detection difficult, especially since it is expected to contribute to
mainly through a second-order harmonic in the strain.[?®!

To better quantify the link between the enhanced d;; and
motion of individual domain walls, phase-field modeling was
performed (Supporting Information S7). We specifically explore
evolution of wall deformation and twistl*?l with applied bias,
and define the numerical measures of the wall deformation as:

Wall Deformation = / (PIP,E=xV — PIP,E:OV)Z dv (8)

where Pjp is the magnitude of the in-plane polarization i.e.,
(P + P,%)'/2. The wall deformation is thus a measure of the twist
of the polarization as a result of applying x volts (DC) through the
tip. Note the integration is performed over a small local region

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(volume), which is approximated as x°. We further model the
surface displacement, u; which emulates the PFM signal. We
modeled a single ferroelectric and a single ferroelastic wall, which
are shown in Figure 6a,b (the side-view of the ferroelastic wall
is shown inset, to illustrate the wall tilting direction). Shown in
Figure 6¢c,d is displacement vs. bias along different points on
the dotted lines in Figure 6a,b for both types of walls. First, it is
immediately apparent that the modeling shows ferroelectric dis-
placements are far less than the for the ferroelastic wall case, as
in the experiment. Modeling confirms that the ferroelectric wall
plays no role in assisting or hindering the surface displacement
(note here that the reason for reduced response near the wall is
because the displacements are for DC bias, and are thus affected
by the domain's polarization orientation). For the ferroelastic
case, however, there is significant enhancement of surface dis-
placement as the ferroelastic wall is approached. There is also sig-
nificant asymmetry, with the response peaking on the right side
of the wall. We note that the peaking is on the “soft” side of the
ferroelastic wall, remarkably similar to experiment (Figure 2g).
For the ferroelastic case, we fit this dependence of the dis-
placement on the distance to the domain wall using the same
phenomenological function as experiment and plot the extracted
04,05 and 0/0y across the domain wall, as shown in Figure 6Ge.
Clearly, the ratio rises as the domain wall is approached (at x = 60),

Adv. Funct. Mater. 2013, 23, 81-90



'a\
M“h\)iié

www.MaterialsViews.com

P3

Displacement

il
g
5]
£
5]
3 ()
[ Ti i
=] p” 1
bl Position
)
-

Displacement

()
Tip
Position

g
.U
5
wv
8
Q
<)
=
=
()]
[* 9

www.afm-journal.de

Wall Deformation

Wall Deformation

Figure 7. The role of wall twist in affecting surface displacement. To determine the role of domain wall twist in enhancing piezoresponse, the z-surface
displacement and wall deformation maps were calculated for the ferroelectric (1t row) and ferroelastic (2" row) cases, which are shown as a panel
figure for two different sub-coercive voltages. The location of the tip in each case is indicated by the green circle on the P; polarization map on the left.

In both cases the distance to the wall was =20 nm.

as we see in experiment. Furthermore, o, peaks near the soft
edge (i.e., at x = 80). For comparison, the spatial variation of ¢,
for a single c-domain is drawn in Figure 6f, which again shows
agreement with the phase-field simulation. The (qualitative)
similarity between the modeling and the experiment verifies that
phase-field simulations can be utilized in determining the effect
of domain dynamics on observed (AC) piezoresponse.

Having verified that the model reproduces our experimental
observations, we attempt to gain insight into mechanisms, and
specifically, the contribution of the wall deformation on the
surface displacement. Shown in Figure 7 are displacement and
“wall deformation” surface plots, when the tip is placed near a
ferroelectric (upper panel) and ferroelastic (lower panel) wall
for differing DC bias. The position of the tip is indicated by
the green circles. It can be seen that in the sub-coercive region
the wall deformation behavior for the ferroelectric wall and fer-
roelastic exhibit different character. The wall deformation for
ferroelectric wall with mid-range bias (4 V) is extremely small,
while that of the ferroelastic wall are significant enough to be
observed even for small bias (0.6 V). This reflects the increased
interaction between the tip-field and the ferroelastic wall,
leading to significant domain wall twist. In contrast, the ferroe-
lectric wall does not appear to interact with the tip-field. Electro-
static energy analysis (Supporting Information S8) reveals that
the 90° domain wall is less stable compared to the 180° domain
wall, thus facilitating a twisting wall motion at much lower bias.
The energy analysis also reveals the reason for the asymmetric
response found on either side of the a/c domain boundary. An
energetically active (with respect to electrostatic interactions)
region exists near the “soft” (right) side, which would facilitate
domain motion under applied fields. In contrast, the “hard”
(left) side corresponds to a low energy regime which is largely
inactive. The existence of these two regions appears to be due
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to elastic considerations: elastic energy distribution maps (Sup-
porting Information S8) show that stress is largely relieved
on the left side of the wall. In contrast a larger fraction of the
c-domain on the right side is under higher compressive stress,
leading to higher electrostatic and elastic energies, and hence
an increased propensity to become perturbed under applied
fields. By contrast, the energy regions of the ferroelectric wall
are stable except for the sharp region at the domain wall. These
phase-field simulations reveal that the motion of the ferroelastic
wall is likely a twisting one, and dramatically enhance the elec-
tromechanical response of the system.

3. Conclusions

In summary, we undertook a bottom-up approach, i.e., locally
determined piezoresponse behaviors are assembled together
to yield a piezoresponse on a macroscale which is in agree-
ment with the Rayleigh law, complementing the top-down
approaches followed to-date relying on macroscopic measure-
ments to infer nanoscale response. These studies suggest that
nanoscale piezoresponse measurements in ferroelastic films
probe a distinctly non-Rayleigh regime. Here, the response as
a function of applied voltage appears to be characterized by two
linear regions, with differing slopes and a transition voltage V..
We interpret the initial linear region as the reversible intrinsic
(lattice) response, and the second linear region as the intrinsic
response in addition to an extrinsic response from the irre-
versible motion of a ferroelastic domain wall. It is shown that
an average of such behaviors can lead directly to the Rayleigh
behavior at the macroscale, while likely maintains the links
between hysteresis and nonlinearity typical of Rayleigh systems.
In contrast, studies of films with purely ferroelectric walls show
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only linear response. Phase-field modeling suggests the source
of the enhancement of the piezoresponse at the nanoscale, for
ferroelastic walls, is a twisting motion induced by the applied
field. These studies shed light on nonlinear Rayleigh behaviors
in disordered ferroics.

4. Experimental Section

Band-excitation piezoresponse force microscopy was used in order to
determine the piezoresponse as a function of AC bias across an array of
points for three separate films. More details on the technique are available
elsewhere [ The three films were: 1) 2 um-thick PbZrg 4, Tig 503 grown
on (100) Si, 2) 200 nm-thick PbZrg44Tig 5603, grown on (100) SrTiO;,
and 3) 200 nm-thick PbZrg 44Tig 5603 grown on (100) CaF,. All films were
grown using pulsed laser deposition. Each film was deposited on a layer
of SrRuO; to act as the electrode for PFM and switching experiments.
The sample was then studied using a commercially available scanning
probe microscope (Asylum Research, Cypher model) equipped with
NI PXI based band excitation controller to enable band-excitation (BE)
measurements, with the data analyzed using MATLAB software (v7). The
response at each point was captured across the frequency band centered
on the resonant frequency of the cantilever. This was then fit to a simple
harmonic oscillator model to yield the piezoresponse amplitude, phase,
the Q-factor and the resonance at each voltage step. Image processing
was carried out using WSxM v5.0141] and some graphs were made using
GraphPad Prism v5.03. Details of phase-field simulations can be found
in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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