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Highly mobile ferroelastic domain walls in
compositionally graded ferroelectric thin films
J. C. Agar1,2, A. R. Damodaran1, M. B. Okatan3, J. Kacher1,4, C. Gammer1,4, R. K. Vasudevan3, S. Pandya1,
L. R. Dedon1, R. V. K. Mangalam1, G. A. Velarde2, S. Jesse3, N. Balke3, A. M. Minor1,4, S. V. Kalinin3

and L. W. Martin1,5*

Domains and domain walls are critical in determining the response of ferroelectrics, and the ability to controllably create,
annihilate, or move domains is essential to enable a range of next-generation devices. Whereas electric-field control has
been demonstrated for ferroelectric 180◦ domain walls, similar control of ferroelastic domains has not been achieved. Here,
using controlled composition and strain gradients, we demonstrate deterministic control of ferroelastic domains that are
rendered highly mobile in a controlled and reversible manner. Through a combination of thin-film growth, transmission-
electron-microscopy-based nanobeam di�raction and nanoscale band-excitation switching spectroscopy, we show that strain
gradients in compositionally graded PbZr1−xTixO3 heterostructures stabilize needle-like ferroelastic domains that terminate
inside the film. These needle-like domains are highly labile in the out-of-plane direction under applied electric fields, producing
a locally enhanced piezoresponse. This work demonstrates the e�cacy of novel modes of epitaxy in providing new modalities
of domain engineering and potential for as-yet-unrealized nanoscale functional devices.

Domains and domain walls are known to greatly impact the
properties of ferroic materials. In ferroelectric thin films,
domains tend to form highly ordered ferroelastic domain

structures that balance elastic and electrostatic energies1–5. In
practice, a diverse range of ferroelastic domain structures can
be produced, of which the most common are 90◦ (in tetragonal
systems)6–8 and 71◦ or 109◦ (in rhombohedral systems) domain
walls9,10. The ability to controllably produce such domain structures
has been exploited to understand contributions to and how to
enhance the dielectric11, piezoelectric12 and pyroelectric6,13 response
of materials. Whereas domain walls in ferroelectrics can be
considered analogous to magnetic domain walls (10–100 nm in
width), ferroelectric domain walls are much smaller (1–10 nm
in width), providing promise for high-density nanoscale devices
derived from the unique properties of these features14–22.

Utilizing ferroelastic domain walls for nanoscale devices requires
that they be easily indexable (that is, spatially localized) and
manipulated (that is, writable/erasable, change shape/orientation,
and so on) by application of external stimuli in a controllable and
repeatable manner. Whereas it has been shown that ferroelectric,
180◦ domain walls can be created and moved long distances23,
ferroelastic domain walls are typically elastically pinned, rendering
them essentially immobile24–26. Although recent work has shown
it is possible to create, annihilate, and/or manipulate ferroelastic
domains by local switching, these approaches have limited
specificity for how or where the domain walls move7,27,28.
Furthermore, such domains can be defined only in a discrete
number of shapes, structures and forms, as defined by the
chemistry and elastic and electrostatic energies, hampering the
ability to harness their functional properties.

Here, through a series of structural and spectroscopic analyses,
we demonstrate how compositional and strain gradients can
alter the energy landscape for ferroelastic domain formation,
enabling the formation of ferroelastic domains which are highly
labile and spring-like in the out-of-plane direction. Scanning
transmission electron microscopy (STEM)-based studies reveal
that compositionally graded PbZr1−xTixO3 heterostructures exhibit
c/a/c/a-like domain structures, which are perturbed by the strain
gradient to form needle-like a domains that terminate within the
film. Local probes of ferroelectricity based on band-excitation
switching spectroscopy (BE-SS) reveal that homogeneous
heterostructures exhibit (essentially) immobile a domains,
nearly voltage symmetric switching response, and suppressed
piezoresponse at/near the a domains, whereas compositionally
graded heterostructures exhibit highly asymmetric switching
response with a domains that are highly labile in the out-of-plane
direction. As a result of elastic constraint of the films, these
domains behave in a spring-like manner, whereby they grow (to
the free surface) or contract (to the substrate) under electric-field
excitation, resulting in a large piezoresponse in the vicinity of
the a domains. Ultimately, we demonstrate a composition- and
strain-gradient-based route to control both the shape and mobility
of ferroelastic domains, enabling the formation of labile domain
structures with large, repeatable, and localized piezoresponse. Such
an ability to control the domain structure and response could enable
new devices, including electro-optics29,30, logic23, memories31, and
other applications15,32.

To demonstrate the influence of compositional and strain
gradients on the domain structure and response, we focus
on two heterostructure variants: 100-nm-thick, homogeneous
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Figure 1 | Domain structures in PbZr1−xTixO3 heterostructures. a,b, Band-excitation piezoresponse force microscopy images of homogeneous
PbZr0.2Ti0.8O3 heterostructures: vertical amplitude (phase inset) (a) and lateral amplitude (phase inset) (b). c,d, Band-excitation piezoresponse force
microscopy images of compositionally graded PbZr0.2Ti0.8O3⇔ PbZr0.8Ti0.2O3 heterostructures: vertical amplitude (phase inset) (c) and lateral
amplitude (phase inset) (d). Scale bars in all images are 500 nm.

composition PbZr0.2Ti0.8O3 heterostructures and 100-nm-thick,
linear compositionally graded PbZr0.8Ti0.2O3 (top)⇔PbZr0.2Ti0.8O3
(bottom) heterostructures. All heterostructures studied herein are
grown on 30-nm SrRuO3/GdScO3 (110) substrates, producing
an effective lattice mismatch which varies from 0.8% to −3.5%
from the substrate to film surface in the compositionally graded
heterostructures (see Methods and Supplementary Figs 1–4 for
details; refs 9,33,34).

The ferroelectric domain structure, including both the vertical
and lateral components, of the homogeneous (Fig. 1a,b) and
compositionally graded (Fig. 1c,d) heterostructures were imaged
using band-excitation piezoresponse force microscopy (BE-PFM,
see Methods and Supplementary Fig. 5; ref. 35). Both the
homogeneous and compositionally graded heterostructures reveal
features reminiscent of c/a/c/a domain structures which are made
up of out-of-plane polarized c domains and in-plane polarized
a domains separated by 90◦ domain walls36. At first glance, the
similarity of these domain structures is surprising, because at the
free surface of the compositionally graded heterostructures the
film is compositionally rhombohedral and should exhibit a more
complex domain structure (Supplementary Fig. 6). The presence of
the compositional and strain gradients can stabilize the tetragonal
phase and domain structure even in a film with more than 50%
of the volume compositionally on the rhombohedral side of the

phase diagram9,33,34. Closer inspection reveals that the homogeneous
heterostructures exhibit a highly suppressed vertical piezoresponse
within the a domains as compared to the compositionally graded
heterostructures, which show a similar (or enhanced) piezoresponse
within the a domains. This indicates that further differences in these
domain structures may be present.

Further insight into the structure of the ferroelastic domains
is afforded by cross-sectional, high-angle annular dark-field
(HAADF)-STEM imaging and strain mapping (see Methods).
Although it has been shown37–39 that homogeneous PbZr0.2Ti0.8O3
primarily forms parallelepiped-shaped ferroelastic domains with
(nearly) parallel 90◦ domains walls along the {101}, similar
studies on compositionally graded heterostructures have not been
reported. HAADF-STEM images of the compositionally graded
heterostructure (Fig. 2a) reveal a c/a/c/a-like domain structure
with exclusively wedge-like a domains that terminate within the
thickness of the film (henceforth referred to as needle-like domains
because of their cross-section).

Further STEM-based nanobeam diffraction studies were used to
probe the local strain and strain gradients in the compositionally
graded heterostructures (see Methods and Supplementary Fig. 7).
Starting with the out-of-plane strain (Fig. 2b), there is evidence
of a strain gradient consistent with an increasing lattice parameter
from the substrate to the free surface. Similar analysis of the
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Figure 2 | Cross-sectional transmission electron microscopy studies of compositionally graded heterostructures. a, High-angle, angular dark-field
scanning transmission electron microscopy image of a compositionally graded heterostructure revealing the presence of ferroelastic domains with
needle-like shapes. b–d, Nanobeam di�raction-based strain mapping of compositionally graded heterostructures reveals the out-of-plane (b) and
in-plane (c) strain state of the film as well as the local unit-cell rotation (d). All scale bars are 25 nm. e, Thickness-dependent, average in-plane and
out-of-plane strain calculated from the nanobeam di�raction strain mapping. All strain is normalized to the substrate.

in-plane strain (Fig. 2c) reveals nearly homogeneous in-plane strain,
punctuated by a domains which show large relative in-plane strains;
however, overall the heterostructures are nearly coherently strained
to the substrate. Finally, one can also map the unit-cell rotation
(Fig. 2d), which shows that the a domains are rotated ∼90◦
with respect to the c domains. Thickness-dependent averaging
of the strain state (Fig. 2e) reveals out-of-plane and in-plane
strain differentials of ∼3.8% and ∼1.2% across the film thickness,
respectively. By comparing the experimentally measured in-plane
lattice parameters with the bulk PbZr1−xTixO3 lattice parameters
we quantify the strain gradient to be 3.3×105m−1 (Supplementary
Fig. 8). Focusing on the strain near the tip of the domain, there
is evidence for increased (reduced) strain along the top (bottom)
edges of the ferroelastic domain, an observation consistent with
phase-field models of needle-like a domains40. Furthermore, at the
tip of the needle-like domain, we observe unit-cell rotation near the
leading edge, an indication of a local structural instability associated
with a highly energetic domain wall.

The observation of needle-like domains can be understood
by considering the strain and strain gradient present in the
compositionally graded heterostructures. The data show that the
unit-cell tetragonality increases from the substrate to the free
surface, reducing the volume fraction of a domains necessary to
accommodate the strain, and thus causing the domain walls to
taper to a point. The tapering wall is geometrically required to
deviate from the ostensibly uncharged {101} and, in turn, localized
polarization rotations occur to accommodate this charged domain
wall. Such high-energy structures are likely to be relatively unstable
and should be highly responsive under electrical/mechanical
stimuli41,42. Collectively, these results demonstrate the potential for
compositional and strain gradients to modify the elastic conditions

of ferroelastic domain formations, thereby enabling the stabilization
of needle-like domains.

To explore how the variation in ferroelastic domain shape
influences the material and domain wall response, we conducted
BE-SS studies (Supplementary Fig. 9). This technique measures
the local piezoresponse and piezoelectric hysteresis loops using
a scanning probe tip. The extracted local piezoresponse at each
voltage step provides spatial maps with nanoscale resolution that
can be used to visualize and understand the switching process
(Supplementary Fig. 10).

To demonstrate this technique, we first investigate the
homogeneous heterostructures, whose switching process is better
understood. For reference, we show a representative macroscopic
hysteresis loop (Fig. 3a; average piezoelectric hysteresis loops are
provided, Supplementary Fig. 10). It is important to note that this
hysteresis loop is nearly voltage symmetric, implying that there is
no preference for the up- or down-poled state. A selection of maps
of the vertical amplitude and phase of the piezoresponse at various
voltages throughout the switching cycle are provided (Fig. 3b–f,
movies are available online, Supplementary Movie 1). Starting
with the film in the up-poled state (uniform blue phase, Fig. 3b),
the amplitude is larger in the c domains than in the a domains.
Application of a positive bias results in rapid 180◦ switching to
the down-poled state (change in phase from blue to red, Fig. 3c).
As the voltage increases the down-poled state saturates to a state
with a similar amplitude, but an opposite phase to the initial state
(uniform red, Fig. 3d). On application of a negative bias (Fig. 3e,f),
this process proceeds in reverse, returning to its initial up-poled
state. Although there is some evidence of random domain structure
reconfiguration following the BE-SS measurements, consistent with
recent reports7,27,28, the vast majority of the a domains remain fixed.
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Figure 3 | Understanding switching in PbZr0.2Ti0.8O3 heterostructures. a, Typical, macroscopic ferroelectric hysteresis loop of a homogeneous
PbZr0.2Ti0.8O3 heterostructure measured at 10 kHz. b–f, Corresponding band-excitation switching spectroscopy amplitude and phase images of the same
homogeneous PbZr0.2Ti0.8O3 heterostructure measured at various stages (as labelled) of ferroelectric switching. All scale bars are 500 nm. g–j, Schematic
illustrations of the switching process in the homogeneous PbZr0.2Ti0.8O3 heterostructures. Only the positive-bias half of the switching process is shown.
Switching from the down-poled to the up-poled state happens in a similar manner, but with polarization of opposite sense. The colour key on the bottom
right labels the polarization directions in the illustrations.

These results are readily explained by conventional theories
and observations of ferroelectric switching in homogeneous
heterostructures26,39. Starting with the sample in the up-poled state
(Fig. 3g), the polarization of the a domains is defined by the angle
of inclination of the domain wall to avoid forming a charged wall.
Ferroelectric switching occurs by nucleating a down-poled c domain
which tends to nucleate at/near an a domain (Fig. 3h). This down-
poled domain then grows until being hindered by the presence
of a charged 90◦ domain wall (Fig. 3i). As the bias increases, this
a domain can undergo 180◦ switching, eliminating the charged
domain wall and allowing the film to switch (Fig. 3j). The final
up- and down-poled states are energetically equivalent; therefore,
switching in reverse occurs in an identical manner.

In the compositionally graded heterostructures similar BE-SS
studies reveal vastly different responses. We show a representative
macroscopic ferroelectric hysteresis loop (Fig. 4a; average
piezoelectric hysteresis loops are provided, Supplementary Fig. 10)
which reveals a significant voltage offset (∼200 kV cm−1). This
voltage offset or built-in potential is not the result of an electrode-
induced imprint43, but results from the presence of the strain
and chemical gradients and other intrinsic sources of symmetry
breaking41,44–47.

Local switching studies, starting with the sample in the up-
poled state (the self-poling direction, Fig. 4b), reveal enhanced
amplitude response within the up-poled c domains (compared to
the a domains), as observed in the homogeneous heterostructures.
As a positive bias is applied (Fig. 4c), there is evidence of a change
in phase near the domain boundary (orange regions), along with a
suppressed piezoresponse in both the c and a domains, indicative
of switching occurring at/near the domain boundaries. Further
increasing the positive bias (Fig. 4d) increases the areal fraction of

the switched region (regions of orange phase). We note that there
is an enhancement in the local piezoresponse at the a domains
(compared to the c domains). As the bias is reduced (Fig. 4e),
the film switches back (driven by the self-poling), causing the
a domains to reduce their presence, and the piezoresponse appears
nearly uniform. Eventually, under a large negative bias, there is no
evidence of the domains in the phase image (Fig. 4f). This negative-
bias state has an inverse relative local piezoelectric response with
respect to the high-field, positive-bias state. The switching process
observed is highly asymmetric, with the application of positive
and negative fields producing vastly different responses both in the
c and a domains (Supplementary Movie 2).

Using our understanding of the structure and the insights
from the BE-SS it is possible to explain the switching process.
Starting from the film in the up-poled state (Fig. 4g), application
of a positive bias drives the polarization towards the down-
poled state. In doing so, owing to the piezoelectric effect,
there is a slight decrease in tetragonality (before switching),
which drives an increase in a domain volume fraction. Whereas
changes in the volume fraction of a domains are limited in
homogeneous heterostructures with parallelepiped-like domains, in
compositionally graded heterostructures, however, the needle-like
domains can expand towards the free surface (Fig. 4h). Such c→a
transitions are associated with large changes in the out-of-plane
lattice parameter which translate into large localized piezoresponses
at the a domains (under a positive bias). As the needle-like domains
grow there is an increase in elastic energy, as the shape of the
domain deviates from its as-grown state, as well as a reduction in
the electrical energy associated with converting the high-energy
domain front to an ostensibly uncharged, parallelepiped-like with
{101} domain walls. Once the needle-like domains traverse the
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Figure 4 | Understanding switching in compositionally graded heterostructures. a, Typical, macroscopic ferroelectric hysteresis loop of a compositionally
graded PbZr1−xTixO3 heterostructure measured at 10 kHz. b–f, Corresponding band-excitation switching spectroscopy amplitude and phase images of the
same compositionally graded PbZr1−xTixO3 heterostructure measured at various stages (as labelled) of ferroelectric switching. All scale bars are 250 nm.
g–j, Schematic illustrations of the switching process in the compositionally graded PbZr1−xTixO3 heterostructures. The colour key on the bottom right
labels the polarization directions in the illustrations.

thickness of the film, it is possible to switch the film to the down-
poled state (Fig. 4i, as previously described, Fig. 3i,j). Note that
nucleation of a down-poled domain before the a domain traversing
the film is unlikely because the system would have to overcome the
preference for the up-poled state, form a charged domain wall, and
transition through a cubic-like state that drives expansion of the
needle-like domains. On releasing the bias, a combination of the
strong macroscopic self-poling and stored elastic energy drives the
film and domain structure to switch back to its initial state (blue
arrow, Fig. 4i–g).

Conversely, from the as-grown state, on application of a negative
bias, the tetragonality of the film increases owing to the piezoelectric
effect, which reduces the necessary volume fraction of a domains,
causing them to contract (Fig. 4j). Complete removal is unlikely
because of the strain state of the film and substrate clamping. We
note that in situ electrical and structural characterization using TEM
of needle-like domains has observed that these domains cannot be
completely excluded even under fields approaching the breakdown
voltage (∼2,000 kV cm−1; ref. 42). Furthermore, because these
ferroelastic domains are typically pinned at the substrate–film
interface, as the a domains shrink there is an increasing deviation
of the domainwall orientation from the ostensibly uncharged {101},
giving rise to an electrical energy cost which suppresses domain wall
contraction. Therefore, given the large associated electrical energy
to undergo an a→ c transition at the ferroelastic domain, we would
expect and observe suppressed piezoelectric response within the
a domains (under a negative bias). On releasing the electric field
these domains once again release their stored electrical and elastic
energy, returning to their as-grown state.

These differences in the switching process can be highlighted
by examining voltage-lapse images of a small section centred
around a ferroelastic domain in both the homogeneous (Fig. 5a)

and compositionally graded (Fig. 5b) heterostructures. In the
homogeneous heterostructures, we see that switching (phase
inversion) occurs abruptly and the amplitude in the c domains
is universally larger than in the a domains. Conversely, in the
compositionally graded heterostructures, switching happens more
gradually and is localized near the domain boundary. Furthermore,
the compositionally graded heterostructures show variations in the
relative piezoresponse, having a suppressed piezoresponse in the
a domains in the as-grown state and under application of a negative
bias, but an enhanced piezoresponse under a large positive bias.

Further insight into the switching process can be gained by
looking at the shape of the hysteresis loops. In BE-SS, we collect
piezoelectric hysteresis loops at each point within a spatial map
and fit each of the loops to an empirical model (see Supplementary
Fig. 11). Here, we show spatial maps of the magnitude of
the negative (Ec

−) and positive (Ec
+) coercive fields and offset

(that is, midpoint between these values) for the homogeneous
(Fig. 5c) and compositionally graded (Fig. 5d) heterostructures. The
homogeneous heterostructures show an increase in the magnitude
of the Ec at the a domains; however, this increase is symmetric,
causing no variance in the offset, indicating that the heterostructure
has no preference to be in the up- or down-poled state. In the
compositionally graded heterostructures, however, the Ec

− shows
near invariance, whereas there is a reduction in Ec

+ near the
a domains, resulting in a spatially correlated negative offset near the
a domains, indicating that the a domains have a preference to be in
their positive bias configuration.

The negligible offset in the homogeneous heterostructures is
the result of the fact that the structure is nearly symmetric and
the interaction between the a and c domains is independent
of field direction. The response in the compositionally graded
heterostructures is more complex. The observed offset at/near the

NATURE MATERIALS | VOL 15 | MAY 2016 | www.nature.com/naturematerials

© 2016 Macmillan Publishers Limited. All rights reserved

553

http://dx.doi.org/10.1038/nmat4567
www.nature.com/naturematerials


ARTICLES NATUREMATERIALS DOI: 10.1038/NMAT4567

|0.5Ec|

|1.5Ec|

Offave − 0.3Ec

Offave + 0.3Ec

A1

A2

A1 < A2

Amplitude (a.u.)

A1 4A1

Phase (°)

−90 900

a
a
c

c

a
c

c

a
c

c

a
c

c

b

c d

e f

0 0Vmax −Vmax 0

500 nm

500 nm

Offset

Ec
− Ec

+ Ec
− Ec

+

500 nm

500 nm

Offset

Amplitude

Amplitude

Phase

Phase

Figure 5 | Breaking down the di�erences between homogeneous and compositionally graded heterostructures. a,b, Voltage-lapse images near an
a domain in homogeneous PbZr0.2Ti0.8O3 (a) and compositionally graded PbZr1−xTixO3 (b) heterostructures as imaged throughout a switching cycle.
c,d, Negative coercive field (Ec

−), positive coercive field (Ec
+) and voltage o�set for the same homogeneous PbZr0.2Ti0.8O3 (c) and compositionally

graded PbZr1−xTixO3 (d) heterostructures extracted from fits of piezoelectric hysteresis loops. Colour scales based on an identical fraction of the average
fitted coercive field. e,f, High-field, local piezoresponse of the same homogeneous PbZr0.2Ti0.8O3 (e) and compositionally graded PbZr1−xTixO3 (f)
heterostructures revealing inverted responses between the two heterostructure variants. All scale bars are 500 nm.

a domains is opposite that of the macroscopic hysteresis loops,
a measurement sensitive to the nature of the c domains. This
suggests that the different domains essentially transfer energy
between one another (by changing shape) under an external
bias, acting like a ‘spring’ in that each drives the return of the
other to the favourable ‘equilibrium’ as-grown state. We propose
that the primary energy responsible for this asymmetry is the
electrostatic energy. Although there is an elastic energy change
under both positive and negative bias, this change is probably
similar in magnitude, and thus cannot be used to explain the
offset. The electrostatic energy change, however, would be expected
to be different because the angle of inclination of the domain
wall under negative and positive bias is not the same. Under a

negative bias, the a domains are driven to be nearly excluded from
the film, causing the domain walls to deviate from the ostensibly
uncharged {101} (forming an energetically costly charged domain
wall), whereas, under a positive bias, the a domains are driven
to be parallelepiped-like, which converts a high-energy, charged
domain wall to an ostensibly uncharged, low-energy domain wall.
This spring-like nature of the ferroelastic domain walls provides a
suitablemechanism to explain the anomalous enhancement in built-
in potential observed in compositionally graded heterostructures
with ferroelastic domains33. Overall, the spring-like interaction
of the a and c domains demonstrates the importance of the
elastic boundary conditions in stabilizing these high-energy and
responsive domain structures.
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To demonstrate the tangible implications of the observed

differences in domain structure and switching mechanics we
measured the high-field piezoresponse (at Vac ≈ 1/2Ec) using
BE-PFM for the homogeneous and compositionally graded
heterostructures (Fig. 5e,f, respectively). In the homogeneous
heterostructures we observe an enhanced piezoresponse within
the c domains (as compared to the a domains), as expected. The
opposite response is observed in the compositionally graded
heterostructures, where the piezoresponse is significantly larger
within the a domains (as compared to the c domains). This is a
manifestation of the highly labile needle-like ferroelastic domains
and the corresponding c→ a and a→ c transitions that take
place under an applied bias. Such structural transitions produce
a locally enhanced piezoresponse, demonstrating the efficacy of
compositional and strain gradients in stabilizing highly susceptible,
high-energy domain structures.

In summary, compositional and strain gradients were used to
modify ferroelastic domain structures, facilitating the design of
highly mobile, spring-like domain walls. The compositional and
strain gradients preferentially stabilize highly energetic, needle-like
domains which, under electrical excitation, are highly labile in the
out-of-plane direction (while remaining spatially fixed in the plane)
throughout successive field cycling. These labile domain walls give
rise to a locally enhanced piezoresponse as a result of the a domains
expanding towards the free surface or being nearly excluded from
the film (depending on the direction of the applied bias). This work
presents new modalities of domain structure engineering through
the use of controlled compositional and strain gradients, with
significant implications for designing novel forms of ferroelastic
domains that are indexable, yet highly mobile. Ultimately, this
work demonstrates how compositional and strain gradients can be
used to engineer the shape and structure of ferroelastic domains
and to control their responses. This has far-reaching implications,
as the use of strain-gradient-engineered domain structures can
be applied universally to design novel nanoscale functions in
(multi-)ferroic materials, facilitating new architectures of domain-
wall-based devices.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Heterostructure design and film growth.Homogeneous and compositionally
graded PbZr1−xTixO3 heterostructures were grown using pulsed-laser deposition
from Pb1.1Zr0.2Ti0.8O3 and Pb1.1Zr0.8Ti0.2O3 targets. The compositional gradients
result in an increasing bulk in-plane lattice parameter as one transitions from the
bottom to the top of the film. All heterostructures studied herein are grown on
30-nm SrRuO3/GdScO3 (110) substrates (lattice parameters a=5.45Å, b=5.75Å
and c=7.93Å; pseudocubic apc=3.973Å), which produces an effective lattice
mismatch that varies from 0.8% to−3.5% from the substrate to film surface in the
compositionally graded heterostructures (Supplementary Fig. 1). All films were
grown using pulsed-laser deposition following established procedures. Briefly, the
bottom electrode SrRuO3 films were grown at 630 ◦C in an oxygen pressure of
100mtorr at a laser fluence of 1.8 J cm−2 and a frequency of 13Hz. The
compositionally graded PbZr1−xTixO3 layers were grown at 600 ◦C in an oxygen
pressure of 200mtorr at a laser fluence of 1.9 J cm−2 and a frequency of 3Hz. The
composition of the compositionally graded layers was controlled by continuously
varying the composition from PbZrxTi1−xO3 to PbZryTi1−yO3 using a
programmable target rotator (Neocera, LLC) that was synced with the excimer
laser. For all the samples, films were cooled in an oxygen pressure of 700 torr
following growth.

For macroscopic measurements, symmetric capacitor structures were
fabricated by subsequent deposition of 80-nm SrRuO3 top electrodes defined using
a MgO hard-mask process43. Rutherford backscattering spectrometry reveals the
presence of smooth compositional gradients in the films (Supplementary Fig. 2).
θ–2θ X-ray diffraction studies reveal that all films are fully epitaxial, 00l-oriented,
and single-phase (Supplementary Fig. 3). Asymmetric reciprocal space mapping
(RSM) studies reveal that both the homogeneous and compositionally graded
heterostructures are nearly coherently strained to the substrate, resulting in a strain
gradient in the compositionally graded heterostructures which approaches
4.3×105 m−1 (Supplementary Fig. 4).

Scanning probe measurements. All atomic force microscopy studies were
performed at the Center for Nanophase Materials Science at Oak Ridge National
Laboratory using a custom Cypher microscope (Asylum Research) controlled with
a Labview- and Matlab-based band-excitation controller. The use of band
excitation for these measurements is crucial as it minimizes effects from changing
tip–sample contact resonances that can alter the observed response, enabling the
measurement of piezoresponse to be consistent throughout multiple dimensions

(that is, frequency, spatial, voltage, time, and so on; see Supplementary Fig. 5). All
measurements were carried out using Pt/Cr-coated probe tip (Budget Sensors,
Multi75E-G). BE-PFM imaging studies were conducted at a centre frequency of
∼330 kHz (with a BE bandwidth of 60 kHz) and∼680 kHz (with a BE bandwidth
of 60 kHz) for the vertical and lateral images, respectively. The sensing BE
waveform for all imaging studies was of chirp character with a Vpp (peak-to-peak)
of 1V. Switching spectroscopy measurements were measured at a resonance
frequency of∼330 kHz (with a BE bandwidth of 60 kHz). The d.c. voltage was
chosen such that the piezoelectric hysteresis loops were saturated in both the
positive and negative direction. The local piezoresponse was measured at
remanence (following a dwell time of 0.5ms) with a BE waveform of sinc character
with a Vpp of 0.75V. Unlike conventional PFM techniques which measure the local
piezoresponse with a scanning probe at a single or dual frequencies near the
cantilever resonance, BE-PFMmeasures piezoresponse using a frequency band
near the cantilever resonance, enabling direct measurement of the full cantilever
resonance characteristics.

HAADF-STEM imaging and nanobeam diffraction. All measurements were
completed at the National Center of Electron Microscopy at Lawrence Berkeley
National Laboratory. Cross-sectional samples were prepared using the focused-ion
beam machining lift-out technique and subsequently attached to a Cu grid. Final
polishing was done in a nanomill using a 500 eV argon beam. Samples were first
inspected by bright-field imaging in a JEOL 3010 operated at an accelerating
voltage of 300 kV. Elastic strain and local crystal rotation mapping about the
domain structures was conducted using nanobeam diffraction in an FEI Titan, also
operated at 300 kV. Individual diffraction patterns were collected at 2.5 nm
intervals over a 160 nm× 160 nm region. Diffraction peak locations were
identified relative to a reference pattern using cross-correlation analysis, which
were then used to calculate the local elastic strain and crystal rotation. Further
details of the elastic strain mapping approach can be found in ref. 48. This
analysis approach allows the full resolution of the two-dimensional strain tensor
over large areas, relative to other standard techniques such as geometric
phase analysis.
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