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ABSTRACT: Mechanical switching of ferroelectric polarization,
typically realized via a scanning probe, holds promise in
(multi)ferroic device applications. Whereas strain gradient-
associated flexoelectricity has been regarded to be accountable
for mechanical switching in ultrathin (<10 nm) films, such
mechanism can hardly be extended to thicker materials due to
intrinsic short operating lengths of flexoelectricity. Here, we
demonstrate robust mechanical switching in ~100 nm thick
Pb(Zr,,Tig)O5 epitaxial films with a characteristic microstructure
consisting of nanosized ferroelastic domains. Through a combina-
tion of multiscale structural characterizations, piezoresponse force
microscopy, and phase-field simulations, we reveal that the
ferroelastic nanodomains effectively mediate the 180° switching
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nucleation in a dynamical manner during tip scanning. Coupled with microstructure engineering, this newly revealed mechanism
could boost the utility of mechanical switching through extended material systems. Our results also provide insight into competing
polarization switching pathways in complex ferroelectric materials, essential for understanding their electromechanical response.
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B INTRODUCTION

The switching of one or multiple order parameters under
external fields is the hallmark behavior of ferroics, and
understanding the microscopic mechanisms of various switching
processes comprises a crucial task in ferroic studies." For
ferroelectrics, polarization switching is directly tied to the
operation of many of their functional devices such as nonvolatile
memories, memristors, domain wall electronics, and multiferroic
heterojunctions.””® Ferroelectric switching is naturally realized
by application of an electric field that aligns the polarization
vector along the field direction due to electrostatic coupling. By
contrast, uniaxial mechanical pressure primarily drives non-180°
terroelastic domain switching in multiaxial ferroelectrics while,
in principle, not causing a 180° reversal of the polarization since
both domain states are elastically equivalent.7’8 There have been,
however, intriguing mechanical switching phenomena (here we
specifically refer to the 180° polarization reversal) locally driven
via a piezoresponse force microscopy (PFM) tip, first reported
in BaTiO; ultrathin (5 nm) films” and later in ferroelectric(-like)
SrTiO; and LaAlO, thin films.'°~" These results indicate a new,
nonelectrical means of polarization control that could find
versatile device applications. In explaining such switching
phenomena, Lu et al. proposed a mechanism invoking
flexoelectricity;” that is, the applied tip force induces a large
strain gradient nearby at the film surface which generates a high
internal electric field opposite to the pristine polarization vector.
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The observation of mechanical switching, in turn, has been
broadly regarded as an experimental illustration of flexoelec-
tricity. 1S

Although flexoelectricity stands a plausible mechanism, tip
pressure can initiate other concomitant bulk and surface
processes, including ferroelastic switching,16 polarization
rotation,'”'® and redistribution of surface adsorbate charge'”
and mobile lattice defects.”” Besides this, the local pressure
distribution during tip scanning can be more complex and
dynamical than a static indentation scenario.”" All these factors
are intimately coupled within the thermodynamics of ferro-
electric materials and may potentially lead to competing
switching pathways, as predicted by recent theoretical
studies.”” > Cao et al. showed that the contribution of tip-
induced flexoelectricity in Pb(Zr,,Tiyg)O; substantially de-
creases when the film thickness is above ~25 nm.”” The
existence of such a thickness limit appears to be in line with
previous studies that were predominantly based on ultrathin
films, posing a severe constraint for practical applications since
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Figure 1. Multiscale characterizations of 100 nm Pb(Zr(,Tiy5)O5 thin films. (a) Schematic of the characterization modalities overlaid with PEM
surface morphology; (b) morphology and (c) vertical piezoresponse amplitude maps over a ridge region (scale bar = 1 ym); and (d) vertical and (e)
lateral piezoresponse amplitude maps over a zoomed-in ridge region (scale bar = S0 nm). X-ray diffraction microscopy: (f) portion of the two-
dimensional detector image summed from all scan locations, showing ROIs defined for the diffraction intensities of the c-domain and a,"/a,’-
nanodomains, and (g, h) diffraction contrast maps corresponding to the two ROIs for the ¢- and a,’-domains, respectively (scale bar = S ym). STEM:
(i) Geometrical phase analysis (GPA)-derived in-plane strain map of a near-surface region containing a single a’-nanodomain (scale bar = $ nm) and
the (j) out-of-plane and (k) in-plane lattice spacing maps derived from the Pb sublattice for a region enclosed in (i).

the fabrication and device integration of high-quality ultrathin
films are technically demanding. Likewise, another study
established the competing roles of depolarization field, shear
strain, and flexoelectricity over a large parametric space for
BaTiO, thin films.” It is thus evident that mechanical switching
in thin-film ferroelectrics could involve a rich variety of material-
dependent microscopic mechanisms awaiting further explora-
tion.

Here, we demonstrate robust mechanical switching in
tetragonal-phase Pb(Zr,,Tiy5)O0; (PZT) epitaxial films with a
thickness of ~100 nm, significantly larger than the previously
studied materials. Through a combination of multiscale
structural and piezoresponse characterizations with high-
veracity phase-field modeling, we have identified a heretofore
unknown mechanism that the 180° polarization reversal can be
dynamically mediated by nanosized ferroelastic a-domains
native to the partially relaxed films as a defect type. Also, an
intriguing continuous mechanical switching process has been
captured, revealing rich details about the local switching
dynamics. Our results not only advance the understanding of
mechanical switching that could accelerate the exploitations of
such a functionality in (multi)ferroic devices but also shed fresh
light on complex electromechanical phenomena in ferroelectric
materials.

B RESULTS

In this study, we focus on thick (~100 nm) PZT films epitaxially
grown on SrTiO;(001) substrates with SrRuO; as bottom
electrodes. Due to the film thickness exceeding a critical value,**
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the pristine films are partially relaxed and deviate from a fully
strained, pure tetragonal c-domain structure, as has been
thoroughly characterized over multiple length scales (see Figure
1a). The surface morphology of the films show cross-hatch line
ridges that protrude by ~1 nm in height and run along both the
in-plane [100]/[010] directions with varying separations of
~0.5—1 pm. Across these ridges, the measured (vertical)
piezoresponse amplitude exhibits a systematic modulation with
up to ~30% suppression/enhancement for the two opposite
sides (Figure 1c); nevertheless, the corresponding piezores-
ponse phase (not shown) retains a constant sign as determined
by an upward polarized c-domain matrix of the films. Lateral
PFM measurement shows nonvanished piezoresponse over
narrow regions around the ridges (typically <50 nm; cf. Figure
1d and e) while the signals are dominated by noise elsewhere,
indicating a net in-plane polarization component in the former
regions. The occurrence of such in-plane polarized inclusions,
referred as a’(minor)-domains here, is confirmed through
nanofocused X-ray diffraction microscopy (XDM).”” Figure 1f
presents a typical 002 diffraction pattern of the PZT films,
acquired at a rocking angle with a maximum intensity of a’-
domains. Compared with the diffraction peak of the c-domain
matrix, those of the a’-domains appear at higher 26 angles and
are offset by up to +0.5° in the y angle (transverse to the incident
X-rays), consistent with their smaller out-of-plane lattice
parameters and associated lattice tilts. The scattering intensities
of the a’-domains are weak and much diffused, further
suggesting their minor population in the films. The real-space
distribution maps of these domains are obtained from the
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Figure 2. Mechanical switching under strong loading pressure. (a) Surface morphology surrounding a (line-boxed) squared region that was scanned
under a loading force of 2 #N using a Si tip and corresponding (b) PFM amplitude and (c) phase images. Inset to (b) is a PFM amplitude image for the
pristine state; inset to (c) is a PFM phase image of the same region measured after 72 h. The symbols in (c) denote the polarization vector directions.
For all, scale bar = 0.5 ym. (d) Line profiles of the PFM signals along a ridge averaged over a dash line-boxed region in (a). (e) Schematics for the

domain configurations in the three states.

diffraction intensity contrast (Figure lg, h); similar to the
surface morphology, the a’-domains are mainly concentrated at
straight-line regions (whose widths are resolution-limited here),
while the c-domain matrix shows correlated fluctuations due to
certain structural distortions accommodating the a’-domains.
We have further examined the cross-section microstructure of
the PZT films down to atomic scales using scanning trans-
mission electron microscopy (STEM). Figure 1i illustrates a
typical region containing a single a’-domain with a narrow width
of ~3 nm, manifested from the derived in-plane strain (¢,,) and
lattice spacing maps (Figure 1i—k). This nanodomain extends
from the surface at an inclination angle of 45° but terminates
inside the film without reaching the SrRuOj layer. Similar
nanodomains are observed at multiple separated regions in the
examined specimen, and some regions contain two parallel a’-
domains starting from both the surface and PZT/SrRuO;
interface (see examples in Figure S1a), corroborating the spatial
variations revealed in XDM. Compared with conventional fully
traversing, thickened ferroelastic domains,'® these partial a’-
domains incur additional free energy cost and are typically
stabilized by defects such as misfit dislocations® and composi-
tional gradients.”® These extended defects are much less mobile
than domain walls under moderate external driving fields and
can thus be regarded as local pinning centers against the latter’s
motion. In addition, electron energy loss spectroscopy mapping
confirms no significant Ti/O-element variations across the film

447

thickness, suggesting good compositional uniformity (Figure
S1b).

Next, we explore the mechanical switching behavior of the
PZT films within a strong tip-loading force regime. Such a
regime is referred to the case when the surface domain of a
pressure-scanned region is fully switched and its threshold force
is found to vary within ~2—3 N for the two types of Si tips used.
Figure 2 illustrates the PFM images of a mechanically switched
domain in three different states, namely, pristine (<0 h), as-
switched (0 h), and relaxed (72 h). Overall, the as-switched
domain and surrounding pristine regions exhibit a similar level
of PFM amplitude, separated by well-defined domain
boundaries where the measured response is markedly reduced
(Figure 2b). This, together with a 180° contrast in the
corresponding PFM phase images (Figure 2c), confirms an
antiparallel polarization arrangement for the adjacent domains
after switching. The mechanically switched domains are found
to have better stabilities than electrically switched ones, as
evaluated by the remnant domain area measured after an elapsed
time period. Figure S2a—d presents the evolution of domains
switched under 4—8 V tip bias, which all show a lower remnant
ratio (<70% after 48 h) as well as worse shape retention than the
results in Figure 2¢c (>90% after 72 h). The reasons for such a
difference could be manifold here. First, unlike electric biasing,
tip mechanical loading appears not to initiate surface charging
and/or electronic charge injection processes (see measured
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Figure 3. Computer vision analysis of intermediate mechanical switching behavior. A 4 X 4 um® surface region was continuously scanned under 1.5 uN
using a diamond tip. (a) Surface morphology and (b) piezoresponse amplitude and phase images from the 11th scan. (d) Area ratio of switched
domains as a function of scan number along with an exponential fit. (¢) Overlay of domain boundary contours from the first 125 PFM images. (f)
Angle-resolved evolution of the domain boundary contours emanating from a single nucleation site marked in (e), and (g) is the partial contribution of
frame-up/frame-down scans. The red, blue, and black arrows in (f) denote the directions of the fast scan axis, slow scan axis, and the ridge defects of the

PZT thin films, respectively.

surface potential contrast in Figure S2e,f) and, hence, may result
in better surface screening conditions. Second, the front of
mechanically switched domains could penetrate deeper into the
films and even reach the bottom electrode, thus forming a more
stable arrangement of the polarization vectors. This latter
scenario is more presumptive as the effective probing depth (a
few tens of nm) in PFM is well below the film thickness.
Regardless of the detailed mechanisms, the comparison with
electric switching points to the unique characteristics of
mechanical switching in the films.

A closer look into the local switching behavior is obtained by
tracking the PFM signal profiles along the ridge regions, where
the aforementioned a’-domains are known to segregate. The
response of these ferroelastic nanodomains to pressure scanning
can be distinct from the c-domain matrix, as is indeed
corroborated by the line profiles in Figure 2d. Here, we remark
on a region (shadowed) with the most appreciable changes. The
measured piezoresponse of this region is suppressed after
switching and further decays after 72 h. This slow decay process
could arise from the relaxation of an a’-domain within the
downward switched c-domain matrix; the a’-domain may
experience 180° switching and then gradual coarsening, as is
tentatively described by the schematics in Figure 2e (also see
phase-field simulations below). Similar relaxation phenomena
with a time scale of ~10° s were observed in a 60 nm PZT thin
film with high-density a—c-domain bundles subject to electric
switching.”” Generally, the relaxation of ferroelastic domains can
be kinetically controlled by local competing stress and
electrostatic environment. In our case, different local environ-
ments for the a’-domains could be envisaged as consequences of
different polarization coupling manners in the mechanical and
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electrical switching cases, which could also be a factor
influencing the overall stability of switched c-domains.

While the rearrangement of the a’-domains remains quite
subtle from our PFM results, there appears to be a clear
correlation between their presence and the mechanical switch-
ing behavior of the PZT films. We have first noticed incomplete
mechanical switching when the tip gets worn or the tip loading
force is not sufficiently high; in both cases the local pressure is in
an intermediate regime. Figure S3 presents an example image set
of a domain that was gradually switched under 2 uN using a
worn Si tip. These images illustrate that the domain boundary
propagates laterally in preferential manners, in addition to the
occurrence of new domain nucleation sites. To fully capture
such an intermediate switching process, we have modified the
PFM measurement scheme. Instead of grounding the tip, we
applied a small ac signal (0.5 V, ) during pressure scans so as to
visualize the domain evolution in real time; besides this, we
adopted more durable diamond tips that could withstand several
hundreds of consecutive scan frames without obvious
degradation. A control experiment performed under a normal
imaging force (~250 nN) shows no sign of domain switching
over >300 scans (Figure S4), thus ruling out possible effects of
the ac probing signal and prolonged scanning itself. By contrast,
a striking sequence of domain switching events has been
captured in the PFM images measured under ~1500 nN (see
Movie S1).

To quantitatively extract the switching information, we have
performed a computer vision analysis to the above 1500 nN scan
sequence. Figure 3a—c presents an example set of PFM images
acquired during the early stage (the 11th scan), where several
independent nucleation sites can be observed around the line
ridges. These nucleated domains grow sideways during the
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Figure 4. Phase-field simulations of mechanical switching in PZT thin films. (a) Initial domain structure with an a7 -domain embedded in a ¢*-domain
and pinned by interfacial partial dislocations. The arrows indicate the polarization direction in each domain. The dashed black arrows denote the tip
moving path. The dashed red segments denote the cut lines for section views. (b) Final domain structure after the tip scan across the a;-domain. Note
only a section cut of the model is presented for clear visualization. (c) Total free energy as a function of tip position during the tip motion. The arrows
labeled by d—f correspond to the snapshots in (d—f), respectively. The shaded region denotes the lateral range of the aj-domain along the [100]
direction. (d) Snapshot of the polarization distribution under loading for the case without preexisting a; -domain. (e, f) Snapshots of the polarization
distribution (e) before and (f) after the penetration of the c"-domain when the tip approaches the preexisting a; -domain. The color reflects the out-of-
plane polarization magnitude P,. The dashed lines show the contour of the original a7-domain.

subsequent scans and altogether gradually consume the scanned
surface region. Nonetheless, under the chosen pressure scan
conditions, the mechanically switched domains do not fully
consolidate into a single domain matrix; the calculated switching
area ratio indicates a total of ~13% residual regions up to ~300
scans. The switching ratio curve follows an exponential law
during the nucleation and fast-growth stages (see the fit in
Figure 3d), similar to the classical Kolmogorov—Avrami—
Ishibashi (KAI) model.’>*" The observation of such a trend is
novel in itself because it is a locally and mechanically driven
polarization switching process, compared with those homoge-
neous electric-field driven switching processes (typically realized
in a capacitor structure) described by the KAI model. During the
stagnation stage (after ~200 scans), only sporadic domain
motions can be observed at a few regions, suggesting that a larger
tip pressure would be required to overcome the energy barrier to
initiate domain coalescence. Note that there appears to be no
strong correlation between the orientations of the residual
domain boundaries and the ridges, suggesting a minor pinning
effect by the defects stabilizing the a’-domain (Figure S5).
Figure 3e shows an overlay plot of the domain boundary
contours for the first 125 scans, providing a direct visualization
of the anisotropic domain growth process emanating from
multiple nucleation sites. Overall, this growth anisotropy
appears to be correlated with the topographic defect ridges
(Figure 3a). At some regions, the domain boundary fronts were
accelerated along the ridges and remarkably decelerated
perpendicular to them (so the contour distribution is squeezed
wherein), yet at other regions, the domain fronts could readily
propagate across the ridges. Such qualitative differences among
the ridges must be associated with their specific a’-domain
configurations coupled with the tip scan manners. The former
factor is known to vary spatially to certain extent in the films
from the structural characterizations, and here, its influence on
mechanical switching can be delineated from local analyses of
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the specific domain growth kinetics. Figure 3f presents an
example of the angle-resolved domain growth analyses (see
examples for another two nucleation sites in Figure SS), which
clearly reveals fast/slow domain growth rates for the two
orthogonal directions with respect to the main defect ridges, in
addition to minor fluctuations which might be attributed to the
presence of other defect types. Moreover, the contributions
from the frame-up/down scans can be decomposed to highlight
the influence of the tip scan manners, as illustrated in Figure 3g.
Note that here each of the image frames are comprised of two-
way interweaved fast-scan directions, and in principle, their
contributions can be further decomposed. A marked difference
can be found around the 0°/180° orientations, indicating that
the domain outward growth parallel to the slow scan axes is
favored. The scan axes determine both the real-time traction
distribution of tip pressure and its alignment with the preexisting
domain fronts. Thus, these results suggest ways to controlling
the domain growth kinetics via controlled tip motion, consistent
with a few previous studies.”"**

To understand the observed mechanical switching behavior,
we have performed phase-field simulations incorporating a
maximum degree of realistic experimental conditions (see the
model setup details in the Methods within the Supporting
Information).**~* Note that the influence of flexoelectricity on
the switching process is found to be marginal, due to high
intrinsic switching barriers of PZT and large film thickness
(relative to ultrathin BaTiO,”***®), and hence is not considered
for the results presented here. As illustrated in Figure 4a, the
model system is a 40 nm PZT20/80 thin film assuming an
upward-polarized initial state with an embedded aj-domain
(with polarization along the [100]) pinned by a pair of partial
dislocations at the interface.”*® Under a biaxial substrate misfit
strain of —1.0%, the size of the a{-domain is comparable to the
experimentally observed a’-domains. The tip scans across the aj-
domain with a moving rate of 10 nm/10000 timesteps with a
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corresponding frictional traction proportional to the normal
load. The final domain state at equilibrium after the tip scanning
across the aj-domain and being released is shown in Figure 4b
(also see the entire domain evolution in Movie S2). The
occurrence of 180° polarization switching is observed for both
the initial ¢"-domain and the embedded a7-domain along the tip
scanning path. Significantly, this behavior is not reproduced
under similar conditions for the model without a preexisting a;-
domain (see Movie S3) nor the model with a preexisting but
unpinned aj-domain (see Figure S6). In the former case, even
though 90° and 180° domain switching occurs locally following
the tip contact region, there is no complete domain switching
after unloading; instead, the system reverts to the single ¢'-
domain state.

To reveal the critical role of the preexisting a{-domain on
enabling the 180° switching, we examine the total free energy
changes of the system as a function of tip position in Figure 4c. A
dip in the free energy is seen when the tip scans across the aj-
domain, suggesting a lower-energy transition pathway asso-
ciated with the formation of different domain configurations due
to the preexisting ferroelastic nanodomain. Such differences are
illustrated by snapshots of the equilibrium polarization
distribution for three timesteps in Figure 4d—f. When the aj-
domain is absent (Figure 4d), mechanical loading can induce
90° switching (from the ¢* to a majority of a7 and a small portion
of a3) throughout the film thickness. Meanwhile, it can also
nucleate 180° domains (from the c* to ¢”) near the surface both
behind the contact region and at the interface in front of the tip
(see two circled regions in Figure 4d), due to a synergic effect of
compressive and shear stress imposed by the moving tip.”**’
However, the two localized ¢”-domain nuclei move concom-
itantly with the tip motion, precluding their connection and
penetration through the film thickness, that is, an uncompleted
180° switching. When there exists an embedded a}-domain, the
¢~ domain nucleus at the bottom is pinned at the junction
between the aj-domain and the interface (Figure 4e), which
allows for its merging with the nucleus at the surface when the tip
scans across the junction (Figure 4f), thus completing the 180°
switching. Such a complete ¢"-domain remains stable after
unloading and facilitates the 180° switching of its adjacent c*-
domain regions during subsequent pressure scans. Additionally,
the tip-induced a7-domain intersects with the preexisting aj-
domain, giving rise to a complex interaction among the four
nanosized a-domains (see Movie S2). This interaction may
account for the relaxation behavior aforementioned in Figure
2d,e. Thus, our simulations demonstrate the feasibility to
mechanically realize 180° polarization switching through
unusual domain nucleation and growth processes mediated by
the presence of a’-domains, constituting an alternative
mechanism for material systems where the recognized
flexoelectricity-based mechanism could not dominate.

B DISCUSSION AND CONCLUSION

In summary, we have observed robust mechanical switching in
tetragonal-phase PZT films with a large thickness of ~100 nm.
This switching behavior is intimately correlated with the
microstructure of the films which consists of nanosized a’-
domains embedded in a c-domain matrix, with the a’-domains
playing a critical role in the switching nucleation process. Phase-
field simulations further reveal the mechanisms of ferroelastic
nanodomains in dynamically mediating 180° polarization
switching in thick PZT films. Altogether, our study suggests
new strategies to design ferroelectric materials with tailored

microstructures for mechanical switching as opposed to
pursuing highly uniform, ultrathin films. Apart from epitaxial
strain engineering, of particular note is novel compositional
gradient thin-film epitaxy, as has been demonstrated to
introduce highly mobile needle-like ferroelastic domains in
PZT films.”® These complex microstructures may host diverse
electromechanical coupling mechanisms that enable mechanical
switching beyond the narrow scope of flexoelectricity, thus
expanding its application potentials in (multi)ferroic devices.
Moreover, our findings may have far-reaching implications for
understanding electromechanical performance of many ferro-
electric material families such as BiFeO, and Hfy (Zr,0,.>* In
these materials, dynamical coupling of external driving fields
with flattened free-energy landscapes, often associated with their
hierarchical ferroelastic microstructure, may lead to competing
local domain switching pathways and ultimately regulate their
functional response.
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