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Strain effects have a significant role in mediating classic ferroelectric behavior such as 

polarization switching and domain wall dynamics. These effects are of critical relevance if the 

ferroelectric order parameter is coupled to strain and is therefore, also ferroelastic. Here, we 

combine switching spectroscopy piezoresponse force microscopy (SS-PFM) with control of 

applied tip pressure, to exert direct control over the ferroelastic and ferroelectric switching 

events, a modality otherwise unattainable in traditional PFM. As a proof of concept, we have 

applied stress-mediated SS-PFM towards the study of polarization switching events in a lead 

zirconate titanate thin film, with a composition near the morphotropic phase boundary with 

co-existing rhombohedral and tetragonal phases. Under increasing applied pressure, we 

observe shape modification of local hysteresis loops, consistent with a reduction in the 
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ferroelastic domain variants under increased pressure. These experimental results are further 

validated by phase field simulations. The technique can be expanded to explore more complex 

electromechanical responses under applied local pressure, such as probing ferroelectric and 

ferroelastic piezoelectric nonlinearity as a function of applied pressure, and electro-chemo-

mechanical response through electrochemical strain microscopy (ESM). 

 

1. Introduction 

Switchable spontaneous polarization under an applied electric field is the 

characteristic feature of ferroelectric materials, with clear relevance for memory 

applications.[1,2] Additionally, while all ferroelectric materials are also pyroelectric and 

piezoelectric, many ferroelectrics are also ferroelastic, i.e. the order parameter is coupled to 

strain. The resulting enhancement of the electromechanical coupling is key for application of 

these materials in sensors and actuators, both in bulk applications and for 

microelectromechanical systems (MEMS).[3] The role of strain in mediating classical 

ferroelectric behavior, such as polarization switching[4] and domain wall dynamics,[5] is an 

equally important aspect of electromechanical coupling in such materials. The importance of 

strain/stress boundary conditions with respect to the functional properties of ferroelectric 

materials is especially relevant at the micro- and nano-scale for the end technological 

applications. For example, mechanical clamping in polycrystalline thin films can reduce the 

effective piezoelectric coefficient, d33,eff, to values much lower than those available in bulk 

ceramics.[6] Epitaxial strain can be engineered to result in enhancement of ferroelectric[7] and 

piezoelectric[4] response, induce ferroelectric behavior in materials that are otherwise not 

ferroelectric,[8] or alternatively suppress the ferroelectric transition to much lower 

temperatures[9] and lead to creation of paraelectric phases.[10] However, stress and strain fields 

are inherently intertwined with the fundamental ferroelectric characteristics,[11] from creation 

of the spontaneous strain associated with spontaneous polarization development at transition 
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temperature, to boundary conditions at grain boundaries leading to formation of dense domain 

structures.[12] These internal interfaces in addition to the eventual phase boundaries[13] are  

major contributors to the very large electromechanical response of ferroelectric materials (up 

to 40-80% in lead zirconate titanate (PZT) ceramics).[14] However, the stress fields associated 

with each domain wall can result in complex interactions with local defects -be these point 

defects, dislocations, other domain walls or grain boundaries-, limiting or enhancing the 

mobility of the domain wall itself.[15, 16] In fact, recent studies have illustrated the 

unexpectedly large role of clamping on the electromechanical response of PZT thin films, 

suggesting the presence of nontrivial, large length-scales for strain interactions present in such 

samples.[17] Similarly, evidence has also been provided of avalanche-like behavior of multiple 

domain walls due to cooperative interactions across these large length scales in disordered 

ferroelectric thin films.[18] 

These considerations suggest that the role of local strains on ferroelectric and 

ferroelastic properties is central to both the piezoelectric and ferroelectric phenomena 

themselves. In the last two decades, significant progress has been achieved in probing electric 

field-controlled functionality of ferroelectrics by piezoresponse force microscopy (PFM). In 

PFM, the localized electric field created by a scanning probe microscopy (SPM) tip induces a 

local piezoelectric response that can be further related to domain nucleation and domain wall 

motion processes,[19, 20, 21] providing a very detailed picture of local functionalities. However, 

the lack of control on mechanical fields results in mostly incomplete information with respect 

to the separation of the ferroelectric and ferroelastic interfaces, unless complicated three-

dimensional reconstruction of the domain structure is exploited.[22, 23] Therefore, it is 

imperative to create an approach for local studies of strain-induced phenomena, where 

external pressure exerted by an SPM probe will directly affect ferroelastic properties of the 

material during ferroelectric switching. 
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In fact, local mechanical properties have been previously probed via nano-indentation 

measurements in ferroelectric films where increasing applied pressure has demonstrated 

mechanically induced cracking, dislocation generation, as well as irreversible domain wall 

displacements.[24, 25, 26]  Recently, PFM has been used to mechanically write ferroelectric 

domains in ultrathin barium titanate films via application of localized tip pressure during 

scanning.[27] In this work, 180° switching of ferroelectric domains was confirmed with 

polarization switching deemed to be mediated by flexoelectricity. These results point towards 

the feasibility of developing an approach where control of applied tip pressure could be used 

to exert direct control over the ferroelastic and ferroelectric domain switching behavior during 

electric field induced electromechanical response. In the present work, we capture the effect 

of applied pressure from a PFM tip on a lead zirconate titanate (PZT) film, while measuring 

the electric field-induced piezoresponse in a spatially and dynamically resolved manner, i.e. in 

a combined force-voltage spectroscopy. In these measurements, the SPM probe is a source of 

local stress field, as well as localized electric field (like in classical PFM), resulting in 

ferroelastic and ferroelectric switching as discussed below. Furthermore, we investigate the 

effect of a local stress field on the domain structure of the thin film through phase field 

simulations. 

 

2. Results 

As a model system, a ~0.66 m thick Pb(Zr1-xTix)O3 film, with a composition (x~0.47) 

near the morphotropic phase boundary (MPB) with co-existing rhombohedral and tetragonal 

phases was chosen for these studies. Piezoresponse imaging at increasing tip force was used 

to evaluate rearrangement of the domain structure in the film upon application of pressure as 

shown in Figure 1. The initial topography image in Figure 1a highlights the polycrystalline 

nature of the film, which consists of (100) textured grains (Supplementary Information Figure 

S.1).[28] Assuming that an increase in the out-of-plane polarization component of the domains 
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makes the film more amenable to subsequent ferroelastic switching under applied normal 

load, a region was written with an electric bias of -6 V, applied from the tip. Vertical PFM 

amplitude and phase images (Figures 1b and 1d) indicate clear polarization switching in the 

electrically-written region.  

In order to apply localized stress to the film, a smaller region within the bias written 

area was re-written while applying a 5 V deflection setpoint (indicative of the tip pressure) 

through the PFM tip, but without applying any DC electric bias. Through the process outlined 

in the experimental section, we estimate that this setpoint corresponds to an applied force of 

1000 nN.  Assuming the tip to represent a disk with a radius of 20 nm, the applied tip pressure 

is further estimated to be around 0.8 GPa.[27, 29] A subsequent PFM image (Figure 1c and 1e) 

clearly reveals a reorganization of the domain structure due to the applied pressure, with a 

number of domains having a reduced out-of-plane polarization component. Several 

subsequent scans of the same region revealed that the mechanically written domains were 

robust even when imaged with a grounded tip under normal loading force, excluding the 

possibility of the grounded tip causing the reorganization of the domain structure.[30] These 

results suggest a domain rearrangement mechanism, involving interplay between ferroelectric 

and ferroelastic switching, which could be induced by either electric field, localized stress or a 

combination of the two stimuli.[31]  

In order to systematically probe and isolate the role of applied stress during switching, 

an adaptation of the switching spectroscopy piezoresponse force microscopy (SS-PFM) 

technique with direct control over the applied tip force was used. This was done to directly 

evaluate stress-mediated domain switching while studying electric field-induced 

electromechanical response within a single set of automated measurements. SS-PFM allows 

acquisition of the hysteretic electromechanical response of the material through a step-wise 

DC waveform applied to the tip, over a dense two-dimensional grid of points where a band 

excitation (BE) signal is used to excite and detect the response at each DC step (BE-
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SSPFM).[32] In contrast to the single frequency signal used in standard PFM techniques, a BE 

signal consists of a waveform with a defined amplitude and phase over a range of frequencies 

in proximity to the tip-surface contact resonance.[33] In the adapted technique, the loading 

force applied thorough the tip adds a further dimension to the hysteretic behavior studied 

using SSPFM in a spatially resolved manner (Figure S2). This approach was used to acquire 

evolution of the hysteretic response on the surface of the PZT film (without a top electrode) 

with increasing and decreasing tip force, as displayed in Figure 2. The behavior shown in 

Figure 2a and 2b is a typical shape obtained at most locations on the surface of the film, albeit 

minor variations are also observed across the surface. At lower tip forces, the piezoresponse 

loops show a typical hysteresis shape with simple saturation observed at both increasing and 

decreasing bias. In contrast, the hysteresis curves at higher tip forces show loops with 

“noses”, i.e. the doubling up of the hysteresis curve on itself and a change in the travel 

direction from counter clockwise to locally clockwise at negative bias values. This highlights 

a different switching behavior under an external applied electric field at higher levels of 

applied pressure. As the loading force is decreased (Figure 2b) the switching behavior appears 

to revert back to a more typical hysteresis shape (albeit with a slight increase in coercive 

field) indicating an extent of reversibility in the role of applied pressure on the bias induced 

switching of the film. 

An advantage of utilizing a BE signal to excite and probe the piezoresponse of the film 

is that it mostly overcomes topographic crosstalk problems associated with the spatial 

variations of the contact resonance frequency.[34] Additionally, it allows the extraction of the 

tip-surface contact resonance frequency as a function of varying tip bias and force as shown in 

Figure 3. From this data, it is clear that an increased applied tip force is accompanied with an 

increase of the tip-surface contact resonance. As will be discussed later, this increase can be 

attributed to a hardening of the material with increased applied pressure. The contact 

resonance decreases back to initial values upon decreasing the loading force. In these 
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experiments, the measurements were performed in absence of a top electrode, locally probing 

the effect of applied tip pressure on the electromechanical response induced by a radially 

decaying electric field. A further point of interest is to investigate the stress-mediated 

hysteretic behavior when the applied electric field is uniform. This scenario was realized 

through the deposition of a macroscopic Pt top electrode on the film and the experiment was 

repeated on the electrode. In this case, little to no variation in the piezoresponse hysteresis 

loop shape or area as a function of the applied tip force was observed (Figure 4). Thus, the 

uniformity of the electric field applied via the tip significantly influences the switching 

behavior. 

              In order to further rationalize the obtained experimental results and investigate the 

effect of tip pressure directly on the ferroelectric-ferroelastic domain structure, the mechanical 

switching dynamics of PZT films were modeled by a phase field simulation.[35, 36] A Pt 

indenter tip of radius 20 nm, modeled by a spherical indenter model,[37] applies 600 nN of 

force (or ~0.5 GPa of pressure) to 50 nm thick Pb(Zr1-xTix)O3 thin films of various 

compositions (x = 0.2, 0.47 and 0.8) (results for x = 0.8 and x = 0.2 are displayed in Figures 

S3 and S4, respectively). The initial domain structure generated by the simulation at the MPB 

composition (x = 0.47) is shown in Figure 5a. The tip is then applied to four different 

rhombohedral domain variants at the surface. The mechanical pressure is seen to induce 

rhombohedral-rhombohedral (R-R) and rhombohedral-tetragonal (R-T) domain switching, 

while orthorhombic domains are also observable at R-R and R-T domain boundaries. In 

contrast to the results for x = 0.8 and 0.2 (see Supplementary Information), domain switching 

appears to penetrate the entire film thickness, highlighting that the MPB composition is 

indeed softer than either purely tetragonal or purely rhombohedral compositions. 

 

3. Discussion 
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Mechanical writing of electrically-written domains has been previously reported for 

very thin (< 5 nm thick) films of BaTiO3, where ferroelectric switching, mediated through 

flexoelectricity, was proposed as the dominant mechanism.[27] However, the films probed in 

our work are substantially thicker: the field gradients exerted by the tip within the sample are 

expected to permeate a much smaller fraction of the hundreds of nanometers thick films, and 

hence the switching we observed cannot be uniquely explained by the flexoelectric 

mechanism. Other potential mechanisms, such as piezochemical effect,[38] have also been 

used to explain mechanical writing in thin films of oxides but the films used in such studies 

were also quite thin (50 nm). In fact, chemical coupling with electromechanical response 

usually requires film thicknesses comparable to the diffusion length scale for the mobile 

chemical species,[38] which is indeed substantially smaller than the 660 nm thick PZT films 

under discussion. The most likely mechanism for mechanical writing in these films is 

ferroelastic domain wall movement caused by external mechanical forces applied via the tip. 

The mechanical loading of the tip is expected to move the ferroelastically-active domain 

walls, resulting in rearrangement of the domain structure as observed in both the 

piezoresponse image (Figure 1) and the phase field simulation (Figure 5). The dynamic 

studies meanwhile reveal unique behavior in the PZT films with coexisting rhombohedral and 

tetragonal domains. The piezoresponse hysteresis curves observed at low applied pressures 

are those typically reported in ferroelastic materials. Conversely, the nose and hump observed 

in the loops at high tip loading have been previously reported to be associated with purely 

ferroelectric, 180° domain wall switching contributions.[39] 

In a more detailed discussion of the mechanisms, we first consider the possible 

ferroelastic variants in this material system. The (100) orientation of the film does not allow 

any preferential polarization variants with respect to the out-of-plane direction for the 

rhombohedral composition: all polarization directions have the same absolute out-of-plane 

and in-plane components. Conversely, in the tetragonal phase, presence of “a” (fully in-plane 
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polarization direction) and “c” (fully out-of-plane polarization direction) domain variants 

leads to presence of ferroelastically active domain walls. Last but not least, any eventual 

transitions between the rhombohedral and tetragonal phase, and vice versa, would result in 

variations of the in-plane and out-of-plane polarization components and therefore would be 

also ferroelastically active. As the pressure under the tip increases, the polarization in the film 

can be expected to switch in such way to reduce the out-of-plane component, while increasing 

the in-plane component. With respect to the ferroelastic variants discussed above, there are 

therefore three possible ways in which polarization reorientation can be achieved in these 

samples, which are discussed below and schematically illustrated in Figure 6. 

In-plane polarization components might be available due to slight misorientation of 

the (100) texturing of the rhombohedral grains. As mentioned earlier, in the ideal (100) 

textured rhombohedral grains, all the polarization directions are energetically degenerate (in 

absolute value) with respect to their out-of-plane component: therefore, application of the 

normal load should not effectively modify the domain state. A less-than perfect alignment of 

the crystal will however remove the ideal degenerate state of the eight polarization directions 

with respect to the normal to the plane of the film, resulting in some polarization directions 

with slightly larger in-plane components with respect to others (and slightly smaller out-of-

plane components). However, such departure from degeneracy is not expected to make a large 

contribution to the electromechanical response, considering the limited volume of the sample 

with non-(100) texturing. Based on XRD data reported elsewhere, less than ~3% departure 

from (100) orientation is expected in the studied films.[28] 

A more probable alternative involves a phase transition under mechanical load, based 

on the proximity to the MPB. Specifically, a transition from rhombohedral to tetragonal phase 

“a” domain (R → Ta), such as that seen in the phase field simulations (Figure 5e), can be 

expected under the applied normal load. Such a transition would result in an increase in the 

in-plane polarization component. Similarly, within the tetragonal phase, at increasing normal 
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load, switching from “c” to “a” domains can be expected. This is also consistent with the 

phase field simulation for x = 0.8, where “c” to “a” domain switching events (Tc → Ta) are 

visible near the surface of the film (Figure S3b). However such “c” to “a” domain switching 

events are expected to be more limited, as processing of PZT thin films on platinized Si 

wafers[40] usually results in ferroelectric films under residual tensile stress, leading to a large 

portion of the domains variants with in-plane-polarization components (as allowed by 

crystallographic structure and orientation).[41] Nonetheless, at increasing thickness of the 

ferroelectric film, the residual stress decays logarithmically[42] and therefore, in the immediate 

proximity of the ferroelectric film surface, both “a” and “c” domains could be available.[43] 

At low tip pressures, local ferroelastic domain switching via the above-described R → 

Ta and Tc → Ta mechanisms should be also achievable through applied electric field at low tip 

pressures. Such ferroelastic switching will therefore dominate the overall piezoresponse of the 

sample (Figure 2a and 2b). At higher tip pressures, however, the ferroelastic variants are 

mostly exhausted through the same R → Ta and Tc → Ta switching mechanisms, due to the 

stress fields created. Therefore, the electromechanical response probed through application of 

electric field is increasingly dominated by contributions from ferroelectric, 180 domain wall 

motions.[39, 44, 45] The change in the electromechanical response under increasing applied 

pressure is also comparable with previous studies carried out on thinner (< 300 nm) PZT films 

of similar composition (Zr:Ti = 52:48).[46] However, in the work by Zavala et al., the 

quantitative reduction in the effective piezoelectric coefficient as a function of the applied 

load was measured at a single frequency, and therefore could be affected by calibration 

artifacts due to the reduced motion of the full cantilever, and not necessarily that of the 

sample. However, the use of band excitation precludes large artifacts induced by the clamping 

motion of the cantilever at larger set points, and observed variations in the piezoresponse are 

mostly due to the material’s response and reduction/exhaustion of ferroelastic contributions.  
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While at substantially different load levels and length scales, our finding is also 

partially consistent with previous reports by Krueger[47] in bulk PZT ceramics for compressive 

stress parallel to the polar axis: an increasing load can result in substantial changes in the 

polarization state of the ferroelectric, resulting in an initial increase in the electromechanical 

response, followed by a decrease at removal of the load. In hard PZT ceramics, specifically, 

the degradation under load is mostly recovered at unloading. For soft PZT ceramics, however, 

the hardening is not recoverable. The behavior reported in this work is somewhat intermediate 

to that observed previously, possibly due to the localized loading, which can result in 

substantially softer microscopic behavior of the PZT with respect to its macroscopic 

counterpart, which is often comparable to a hard ceramic.[48] 

The exhaustion of the ferroelastic variants with increasing tip pressure is also evident 

in the resonance frequency evolution with applied pressure (Figure 3). At increasing electric 

bias values, an initial small softening is observed in the curves for the lowest tip pressures, 

while at increasing bias and/or tip pressures, a slight hardening in the resonance loops occurs. 

In fact, at increasing pressure, the resonance frequency continuously increases, which is 

consistent with a hardening of the material and a reduction of the ferroelastic variants. We 

note that a tip-surface contact hardening can also be expected due to the applied tip pressure. 

However, the pressure exerted through the tip is constant during each piezoresponse 

measurement. Therefore, the increase evident in the resonance frequency during each 

hysteresis curve measurement can be assigned to material hardening. Such hardening of the 

material is also consistent with a non-reversible increase in the coercive fields with applied 

pressure, as seen in Figure 2a and 2b.  

Intriguingly, when the experiments are performed on samples with a top electrode, the 

increasing pressure does not result in a substantial variation of the overall shape or area of the 

piezoresponse curves (Figure 4). The presence of a large top electrode -up to 1 mm in 

diameter, more than three orders of magnitude larger than the film thickness- results in the 
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creation of a relatively uniform electric field, regardless of the high mechanical pressure 

applied. The volume probed by the electric field compared to the mechanical field in the 

presence of a top electrode is therefore substantially larger than that in absence of a top 

electrode. In other words, in absence of a top electrode, both the volumes affected by the 

mechanical and electrical signal are comparable. Therefore, as the mechanical pressure 

reduces the ferroelastic variants, the electrical probing reveals clearly any eventual changes in 

the contributing events to the piezoresponse. However, when a top electrode is present, the 

volume probed by the electric field increases substantially compared to the volume affected 

by the mechanical field. Hence, even if a small volume of the film is affected by the applied 

pressure, the electrically probed response (i.e. piezoresponse hysteresis curve) is impervious 

to such changes. This confirms that the variations in properties induced by locally applied 

pressure are confined to a local region of the film. Furthermore, when no top electrode is 

present, the piezoresponse loops demonstrate a vertical and lateral shift under increasing 

applied pressure, while in the presence of an electrode, the loops remain centered. This points 

to a possible change in the contribution of the capacitive force in the PFM signal. Specifically, 

the work function of the Pt film on the cantilever is likely to increase under the compressive 

pressure resulting in a higher contact potential difference as the loading force increases.[49] 

This leads to the hysteresis loops moving downwards and towards the right under increased 

applied pressure (Figure 2a). In contrast, the presence of a top electrode screens the electric 

field and thus the capacitive force between the cantilever and Pt tip is minimized.  

 

4. Conclusion 

In summary, stress-mediated SS-PFM was used to generate nanoscale, localized stress 

in a PZT film with composition in proximity of the morphotropic phase boundary, with co-

existing rhombohedral and tetragonal phases. A rearrangement of the domain structure occurs 

through electrically- and mechanically-induced motion of ferroelastically-active domain 
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walls, suggesting strong interplay between ferroelectric and ferroelastic phenomena. 

Modification of hysteresis loops under increased tip pressure is consistent with an expected 

reduction in ferroelastic domain variants, which would in turn reduce the ferroelastic domain 

wall contribution to the local piezoelectric response of the film. As a result, the applied out-

of-plane pressure increases the in-plane polarization of the domains with respect to the out-of-

plane component. This result is also validated via phase field simulations, which suggest 

exhaustion of ferroelastic domain variants under increasing pressure.  

The stress-mediated switching spectroscopy technique discussed here is an effective 

tool for local probing of any electromechanical phenomena where local strain plays a 

significant role on the studied properties. As an example, it can be readily expanded to 

explore more complex electromechanical responses, such as probing piezoelectric 

nonlinearity as a function of applied pressure, which should allow quantification of the 

contribution from ferroelastic and ferroelectric domains and domain wall motion to the local 

piezoelectric response: a feat that even macroscopically has proved elusive in complex oxides 

with polymorphic structures. Furthermore, the technique can be extrapolated to other 

hysteretic phenomena amenable to mechanical pressure, such as ionic motion-mediated 

systems –with the prime example of Li-ion batteries- and more complex systems such as 

biological matter with both ferroelectric and ionic-motion activities –as is the case for 

nuclease, aminoacids etc.- where functionalities are controlled by a complex and not yet fully 

understood interplay of mechanical, chemical and electrical signals. 

 

5. Experimental Section 

Thin Film Processing. The Pb(Zr0.53Ti0.47)O3 films were deposited by sol-gel spin-coating 

from a precursor solution with 15% excess Pb with respect to the stoichiometry in order to 

compensate for its loss at the high processing temperatures (~700C). The substrates used 

were platinized Si wafers. The films were dense (with no obvious porosity) and highly (100)-
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textured (>97% Lotgering factor). Top circular electrodes were created by sputtering 80 nm of 

Pt, patterned via lift-off photolithographic approach. The full description of the processing 

procedure for the substrate, films and electrodes is provided elsewhere.[28]  

Functional Characterization. The mechanical writing was performed by increasing the 

deflection set-point (i.e. the cantilever deflection voltage maintained by the atomic force 

microscope feedback loop proportional to the applied force or pressure) to a Ti/Pt coated Si 

tip (Asylum Research AC240TM) while scanning. From a combination of force-distance 

measurements and subsequent thermal tuning methods, the spring constant of the cantilever 

was found to be 3.2 Nm-1. Each 1 V of deflection setpoint from the tip corresponds to a 

loading force of about 200 nN. 

The PFM imaging and spectroscopy were performed with 200-400 kHz, 2 Vpp band 

excitation signal applied to a metal-coated tip. The spatially resolved nanoscale measurements 

were performed on a commercial system (Cypher, Asylum Research) scanning probe 

microscope equipped with a Labview/Matlab based band excitation waveform generator and 

DAQ platform.[33] Stress-mediated SSPFM is an adaptation of SSPFM[32] for variable set-

points, where the set-point is varied in a triangular waveform (as illustrated in Figure S2). The 

tip was first brought into contact with the surface at 1 V deflection setpoint for all 

measurements. Once the contact was established, the set-point voltage was raised to a chosen 

value via the Labview interface. Local piezoresponse hysteresis loops were collected at this 

set-point before the tip pressure was increased to the next higher value. The maximum value 

of tip pressure was pre-defined and the pressure was subsequently reduced to the starting set-

point in a reverse step-form function. Upon the completion of data collection, the tip was 

moved to the next location. The spectroscopic measurements were performed at ~12 s/pixel 

for each chosen setpoint waveform, with 4 ms at each ac voltage step. Mapping of the 

electromechanical response was done typically on a 10 x 10 points grid with a spacing of 50 

nm, albeit other spacing and image sizes were also used. This gives rise to a multidimensional 
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data set of piezoresponse as a function of tip pressure, excitation voltage, and two spatial 

coordinates. The individual curves were fitted to a simple harmonic oscillator equation to 

yield the amplitude and phase at the resonance as a function of position, voltage and applied 

pressure, resulting in increased signal-to-noise ratio and reduced topographic crosstalk.[50] 

 

Supporting Information  

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

  

 
Figure 1. Pressure induced writing on a PZT film. (a) Topography, PFM (b) amplitude and 

(d) phase map of a central region written with -6 V DC bias applied through the tip. PFM (c) 

amplitude and (e) phase map of the same region (bias written), after a loading force of 1000 

nN was applied from the tip to the smaller region indicated by the black dashed lines. A 

comparison of (b, d) with (c, e) shows reorganization of the domain structure upon application 

of loading force through the PFM tip.  
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Figure 2. Piezoresponse hysteresis loops collected on a PZT film with no top electrode. 

Piezoresponse curves as a function of (a) increasing and (b) decreasing tip force. PFM 

amplitude map of the region on the film (c) before the loops were collected, and (d) after the 

piezoresponse data were collected. 
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Figure 3. Variation of contact resonance frequency as a function of applied bias and loading 

force. The resonance frequency is shown within each hysteresis data collection, with (a) 

increase in tip force and (b) decrease in tip force. 

 

 
Figure 4. Piezoresponse loops collected on a PZT film with a top electrode, as a function of 

increasing loading force. 
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Figure 5. Phase field modeling simulations of domain structure in a PZT film in presence of 

local mechanical loading. (a) Multi-domain structure of Pb(Zr1-xTix)O3 at x = 0.47 in 

equilibrium state. Domain structures before and after mechanical switching when tip is 

brought into contact with the sample (b)  entirely in the R3
+(1̅1̅1) domain, (c) in the entire R1

-

(1̅1̅1̅) domain, (d) in the entire R3
-(111̅) domain, (e) in the entire R2

-(11̅1̅) domain. 
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Figure 6. Schematic representation of polarization re-orientation and accompanying change 

in perovskite crystal deformation as a result of axial loading. (a) Polarization reorientation in a 

“misoriented” rhombohedral cell with non-degenerate polarization directions (R*→ R). (b) 

Pressure induced rhombohedral to tetragonal “a” (R → Ta) and (c) tetragonal “c” to “a” (Tc 

→ Ta) switching. The atomics displacements are exaggerated to highlight the resulting 

polarization direction and crystal deformation. 
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The effect of applied mechanical pressure on the local hysteretic response on a 

Pb(Zr0.53Ti0.47)O3 film is studied through a novel scanning probe microscopy based technique. 

The modified shape of the piezoresponse hysteresis curves, change in resonance frequency, as 

well as phase field modeling provide a coherent and direct insight into local ferroelastic and 

ferroelectric switching events in the films.  
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