'.) Check for updates

SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Electrostriction-driven phase instability enables giant
pseudo-piezoelectricity in Hf 5Zrg 50,x

Achilles Bergne‘, Milica Vasiljevic1*, Denis Alikin?, Victor Buratto Tinti', Leonardo Oliveira3?,
Megan O. Landberg Hill%, Huaiyu Chen*, Jesper Wallentin?, Dylan Jennings®>®”%,

Wolfgang Rheinheimer®, Henrik Bruus®, Mathias Gr0nborg9, Dimitrios Koukoulis',

Armando Antonio Morin-Martinez', Javier Zamudio-Garcia', Ivano Eligio Castelli’,

Reinis Ignaténsw, Andrei Kholkin?>'°, Dennis Valbjgrn Christensen™'",

Nini Pryds1, Vincenzo Esposito1*

Copyright © 2026 The
Authors, some rights
reserved; exclusive
licensee American
Association for the
Advancement of
Science. No claim to
original U.S.
Government Works.
Distributed under a
Creative Commons
Attribution
NonCommercial
License 4.0 (CC BY-NC).

The electromechanical properties of hafnium zirconium oxide fluorite (Hfy 5Zro 502, HZO) remain largely unex-
plored despite its widespread use as a ferroelectric in CMOS-compatible devices. Here, we demonstrate that
electrostriction-driven phase instability enables a giant pseudo-piezoelectric response in epitaxial HZO thin films.
Above a critical field of 24 kilovolts per centimeter, field-induced transitions between nonpolar and polar phases
activate an extrinsic piezoelectric response of ~1000 picometers per volt and bias-stabilized pseudo-piezoelectric
strains exceeding 10,000 picometers per volt. This behavior arises from a combination of large electrostriction
(M =1 x 10" square meters per square volt), ferroelastic softness, and structural reconfiguration, rather than
intrinsic polarization switching. Multimodal characterization combining interferometry, diffraction methods,
scanning probe microscopy, and first-principles modeling confirms the coupling between strain and metastable
phase dynamics. These findings reveal a previously unrecognized mechanism for functional strain generation in
fluorite oxides, positioning HZO as a versatile platform for strain-engineered actuators, adaptive metasurfaces,

and reconfigurable nanoelectromechanical systems.

INTRODUCTION

Electromechanically active thin films are essential in micro- and na-
noelectromechanical systems (MEMS and NEMS), where they func-
tion as actuators, sensors, and transducers (I, 2). Perovskite oxides
such as lead zirconate titanate (PZT) and barium titanate (BTO) (3, 4)
dominate these applications but are poorly suited for silicon integra-
tion due to chemical instability, structural mismatch, and strict crys-
tallinity requirements (3).

Binary metal oxides are emerging as viable alternatives for next-
generation electronics due to their simpler chemistry (5-8). Among
these, hafnia (HfO,) has attracted particular interest for its ferro-
electricity in polar fluorite symmetries, as found in Si-doped HfO,
and Hfy5Zrps0, (HZO) thin films (9-12). Already used as high-k
dielectrics, hafnia-based films are complementary metal-oxide semi-
conductor (CMOS) compatible, making them attractive for ferro-
electric devices such as memristors, Fe-FETs, tunneling junctions
(4, 13-16), and MEMS/NEMS devices (17).
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Although the centrosymmetric monoclinic (P2,/c) phase of HfO,
is thermodynamically stable (dielectric constant of ~19 to 25) (18),
doping (10, 19, 20), defect engineering (21), epitaxial strain (22-24),
and electrode or substrate selection (25, 26) can stabilize the meta-
stable orthorhombic (Pca2;) ferroelectric phase. This leads to uncon-
ventional ferroelectricity that strengthens with decreasing thickness
(27, 28). While HZO’s ferroelectricity is well studied (28), its electro-
mechanical coupling and piezoelectric behavior remain largely un-
resolved (29-33).

Oxygen vacancies are often implicated in modulating HZO’s fer-
roelectric and piezoelectric properties (34, 35). However, Hf** and
Zr** are isovalent, and their solid solutions do not inherently sup-
port charge-compensating oxygen vacancies. Their ionic radii differ
only slightly (0.83 A for Hf and 0.84 A for Zr), inducing minimal
structural distortion. However, their distinct electronic configura-
tions (Hf*":4f'* versus Zr**:4p°) influence how oxygen vacancies and
strain stabilize different polymorphs. In defective fluorite lattices,
vacancies permit cation off-centering and enhance local polarizability,
with the smaller Hf** radius altering how metastable polar and non-
polar phases are accessed. Thus, the electromechanical response
arises from defect-mediated phase stability rather than intrinsic cat-
ion polarizability. Combined with HfO,’s polymorphic landscape,
featuring many energetically competitive polar and nonpolar phas-
es, this gives rise to a natural nanoscale metastability (35, 36).

This interplay of structure, polarizability, and metastability par-
allels recent insights from other electromechanically active fluorite
oxides. In ZrO,, metastable tetragonal phases exhibit antiferroelec-
tricity via stress-driven martensitic transitions (10, 37). In CeO,-based
systems, electrostriction coefficients in the range 107 to 107" m?
V™2 have been linked to defect-induced strain fields (38-40), anhar-
monic lattice dynamics, and reorientation of elastic dipoles (41, 42).
Particularly, Gd-doped CeO, shows pseudo-piezoelectric behavior
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driven by field-induced oxygen vacancy rearrangement, reaching
effective coefficients above 1000 pm V™! (43). Despite these advances,
the electromechanical response of hafnia-based fluorites remains
poorly understood, marking a critical gap in how structure, compo-
sition, and defect chemistry define functionality in this important
class of materials.

In this work, we reveal a previously unrecognized extrinsic elec-
tromechanical mechanism in HZO, where field-induced electro-
striction drives a reversible transition to a polar phase. This activates
a pseudo-piezoelectric response exceeding 10,000 pm V™', outper-
forming the best lead-free ceramics. Through compositionally tuned
epitaxial films and multimodal characterization, we identify symmetry-
breaking phase instability as a design principle for strain engineer-
ing in fluorite oxides, with zirconium playing a central role.

RESULTS

Structural characterization and electromechanical response
Epitaxial HZO films are commonly grown on perovskite oxide sub-
strates such as SrTiO; (STO) (25) and (La,Sr)MnOj3 5 (LSMO)
(23-25, 30, 35) to stabilize the orthorhombic phase through strain
engineering. In this work, we expand this approach by comparing
perovskite substrates with fluorite-type single crystals, specifically
yttrium-stabilized zirconia (YSZ). YSZ offers a closer lattice match
to HZO (5.14 A versus 5.0 to 5.2 A), in contrast to the more strained
interface imposed by STO (3.905 A), thus enabling epitaxial growth
with reduced structural and microstructural disorder (44-46).

Figure 1 summarizes the structural, microstructural, and elec-
tromechanical properties of HZO and pure hafnia films deposited
on both YSZ and STO substrates. On YSZ, the films grow epitaxially
with a (100) orientation (see fig. S1), where the monoclinic unit cell
aligns the a and b axes with the in-plane directions of the substrate.
The c axis is slightly tilted with respect to the out-of-plane direction, as
shown in Fig. 1 (A and B), a consequence of the interfacial orientation
preference. Scanning transmission electron microscopy (STEM)
analysis, including high-angle annular dark-field (HAADF) imag-
ing and selected-area electron diffraction (SAED), confirms the pres-
ence of the monoclinic phase in HZO/YSZ films (fig. S2). The close
lattice match between HZO and YSZ also suggests a high degree of
coherency at the interface. Following phase identification via trans-
mission electron microscopy (TEM), local reciprocal space maps
(RSMs) centered near the YSZ (022) reflection reveal that the mono-
clinic domains are distributed across several orientations, specifi-
cally 202, 022, and 02-2, highlighted in Fig. 1 (A and B).

The structural alignment of HZO/STO is more complex due to the
larger lattice mismatch, which leads to a rotation of the HZO struc-
ture. TEM measurements show that HZO on STO grows in textured
columns, with the (011) direction of HZO aligned close to the
growth direction. SAED patterns match the orthorhombic HZO
phase, while STEM analysis reveals a mix of orthorhombic and
monoclinic phases (Fig. 1C and fig. S2). RSMs confirm the coexis-
tence of monoclinic and orthorhombic phases with various orienta-
tions. As seen in Fig. 1C, a faint HZO (002) peak is observed near
the STO (011) peak, confirming orientations close to (111) for or-
thorhombic and (11-1) for monoclinic phases. The tetragonal phase
does not appear in our characterization, but because of the struc-
tural similarities with the orthorhombic phase, we cannot exclude the
possibility of local tetragonal domains in highly distorted regions.
Further structural details are shown in figs. S1 and S2.
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The overall electromechanical coupling of the films is measured
using laser interferometry. As shown in Fig. 1D, when a 5-Hz alter-
nating electric field is applied to the lateral electrodes, an induced
electromechanical displacement occurs in the vertical direction,
which is used to extract the strain and stress of the films as described
in Materials and Methods. The experimental strain response shown in
Fig. 1D includes first- and second-order harmonics at 5 and 10 Hz,
respectively. The overall electromechanical response is the combina-
tion of two distinct mechanisms occurring at different frequencies.
The inverse piezoelectric effect is a first-order effect and responds
with the same frequency as the applied electric field. While electro-
striction is a second-order effect and responds at twice the frequen-
cy of the applied electric field. The HZO films exhibit a remarkable
combination of first- and second-order responses, as the second-
order response is higher than the first order.

The second-order electromechanical responses show a quadratic
stress increase with the applied alternating electric field, which is
characteristic of an electrostrictive response (Fig. 1E). A notable dif-
ference between the samples is observed: Unlike hafnia/YSZ, which
exhibits no substantial electromechanical response, the HZO sam-
ples are exceptionally active electrostrictors. The quadratic response
is similar for the HZO/YSZ and the HZO/STO samples, reaching
extremel}f large stress values corresponding to approximately My =
1 x 107" m* V72, along the x-Cartesian axis. As expected, the qua-
dratic electrostrictive response is symmetric as a function of bias.

As with the second-order measurements, the first-order response
shows that hafnia/YSZ samples are electromechanically inactive
(Fig. 1E, top). All the HZO samples display a similar behavior where
the electromechanical stress is minimal at low electric fields, but the
first-order “activation” occurs above an electric field threshold of 24 kV
cm™, whereby the first-order response is greatly enhanced. Above
this activation threshold, the measured stress varies linearly with the
applied electric field.

Figure 1F places our results within the broader landscape of elec-
tromechanical responses observed in single-layer ferroelectric and
defect-mediated systems in the 1- to 100-Hz range. While the un-
derlying mechanisms may differ, the second-order response of our
devices is comparable to the highest-performing thin-film electro-
strictors [multilayer CGO and amorphous BTO (39, 47)] and one order
of magnitude higher than other materials (48-56). On both YSZ and
STO substrates, the magnitude of My, drops for films thicker than
10 nm but remains above 2 X 107'® m* V™2 for films up to 100-nm
thick. The thickness dependence observed in HZO is consistent
with earlier findings in CeO; and reflects the gradual and reproduc-
ible thickness scaling of oxygen-defective fluorite oxides. The first-
order response, however, remains low at electric fields below the
activation threshold of 24 kV cm™'. The activation is reversible, re-
producible on all the samples, repeatable (10 cycles are shown in
fig. S3), and does not depend on the thicknesses of the films used in
this work (10 to 100 nm). However, increasing the applied voltage
could stimulate partial “pinning” of the polar phase, as reported in
(36, 57), suggesting that the response may not remain fully revers-
ible at higher fields. After activation, the measured effective piezo-
electric coefficient sharply increases to 1000 to 10,000 pm V™.
These effective piezoelectric coefficients after activation are superior
to the highest values reported for bulk piezoceramics and relaxors
(see Fig. 1F) (48-56).

Different electromechanical responses of hafnia and HZO films on
YSZ, despite their structural similarity, along with crystallographic
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Fig. 1. System structure and electromechanical responses. (A to C) STEM HAADF cross-sectional images and reciprocal space maps of HZO/YSZ, HfO,/YSZ, and HZO/
STO samples, showing the crystalline structure of each sample: HZO/YSZ and HfO,/YSZ are epitaxially matched to the YSZ substrate, and HZO/STO is textured polycrystal-
line; (D) experimental setup for interferometry measurements in the cantilever configuration and experimental strain measurement composed of first and second har-

monics; (E) first- and second-order electromechanical response of each sample (10-

nm thick) measured by interferometry; (F) comparison of the measured piezoelectric

(dyx) and electrostrictive (Myy) coefficients with other notable electromechanically active single-layer materials. Data in (F) are taken from (39, 47-56). [(C), right] repro-

duces the same RSM shown in fig. S1B (bottom right) for direct comparison.

differences observed in HZO films on STO, highlight the dominant
role of chemical composition in determining functional perfor-
mance. In contrast, film orientation appears to have a negligible ef-
fect on electromechanical behavior. Since the observed responses
are not correlated with crystal phase or orientation but instead with
composition, we examine the nanoscale structural characteristics of
HZO and hafnia films on YSZ. Although both films display com-
parable structural features, only HZO demonstrates remarkable
electromechanical activity. This suggests that defects such as grain
boundaries, stacking faults, and elastic dipoles may modulate the

Bergne et al., Sci. Adv. 12, eaea0750 (2026) 26 June 2026

response through their influence on phase transformation-driven
mechanisms. A focused STEM analysis of HZO and hafnia films on
YSZ was conducted to examine the effect of lattice strain on elec-
trostrictive behavior. Analyses reported in fig. S4 highlight several
structural features in the epitaxial thin films of HZO/YSZ and HfO,/
YSZ. Local distortions and stacking faults are present throughout
the films to relax the lattice mismatch, while highly coherent grain
boundaries arise from the preferred orientations. Moreover, we no-
tice more dislocations and stacking faults in HZO films, although
thicker samples show no clear difference in coherence or dislocation
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density. Additional RSM and TEM analyses of strain reveal that max-
imal electrostriction occurs in films with a shrinkage of the
monoclinic ¢ axis by 0.35% and expansion of the b axis by 0.14%,
concurring with a decrease in the monoclinic f angle from 99.5° to
99.15° (figs. S5 and S6). In this same line, synchrotron-based nano-
x-ray diffraction (XRD) measurements were undertaken, aiming to
resolve local distortions resulting from lattice tilting and strain. How-
ever, up to the maximum field applied (0.3 kV cm™), no substantial
changes were observed, indicating no dominant individual distor-
tion in this regime (figs. S7 and S8).

Overall, the analyses suggest that the samples’ orientation and
phase are not the main factors influencing the electromechanical be-
havior. Still, the presence of Zr is required to observe an electrome-
chanical coupling in hafnia-based thin films. For further confirmation,
we measured the electromechanical activity of structurally disor-
dered (quasi-amorphous) samples obtained by lowering the deposition
temperature to 50°C (see fig. S9). They show no first-order response,
but a large second-order response, which is strong enough for the
30-nm thin film to break the 0.5-mm-thick substrate (My, = 4 X
107 m?Vv?) (fig. S9D). Since we see large electrostriction in disor-
dered samples with no overall orientation, these results highlight that
the crystal orientation does not affect the electrostriction of HZO.
However, the appearance of the first-order response above the thresh-
old field in ordered films suggests the existence of a phase transfor-
mation leading to the piezoelectric-like behavior of the samples. A
sufficiently large electric field could activate the first-order response
by a structural transformation to a polar phase.

Local electromechanical measurements

To elucidate the behavior at the nanoscale, we use piezoresponse force
microscopy (PFM) in an in-plane geometry of the best-performing
HZO/YSZ thin films (see Materials and Methods and fig. S10 for
details). The measurements reveal that, while the film surface height
varies slightly, the first flexural resonant frequency of the cantilever
remains largely unaffected, with minor variations in the lateral PFM
amplitude and phase signals (fig. S10). PFM imaging before dc bias-
ing reveals a uniform distribution of the piezo response across the
surface with no substantial variation (fig. S10). The sample becomes
piezoelectrically active after applying a dc voltage, showing apparent
domain contrast in the areas switched by the different polarities of
the applied voltage (Fig. 2, A and B). Switching spectroscopy PFM
(SS-PFM) measurements confirm a first-order electromechanical
response, validating the electromechanical activation observed in
lower-frequency measurements (Fig. 2C and fig. S10). The local switch-
ing experiments and SS-PFM hysteresis loops attest that the mate-
rial proceeds through a nonpolar-to-polar transformation under the
action of the electric field above a threshold value of 2 to 3V, thus
exhibiting induced piezoelectric-like behavior. The lower switching
voltage arises from the distinct geometry of SS-PFM, where the volt-
age is localized at a nanoscale tip-to-sample contact, producing a
much higher local field than the macroscopic electrode configura-
tion used in interferometry. Moreover, SS-PFM operates at higher
frequencies than our quasi-static electromechanical measurements,
further affecting switching dynamics.

To obtain deeper insight into the variation of the best-performing
HZO/YSZ samples’ electromechanical signal, PEM measurements
were performed using the scheme presented as an inset in Fig. 2D to
match the interferometry measurements as closely as possible. A
voltage was applied between the two electrodes, while the AFM
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probe acted as a sensor for surface deformation, replicating the inter-
ferometric scheme. The first- and second-order responses in Fig. 2
(D and E) show apparent linear and quadratic behavior and allow
extracting the values of the effective piezoelectric and electrostric-
tion coefficients measured by PFM: dx = 0.5 pm V™" and My, = 1.65 X
1077 m* V™2, respectively. Both coefficients are notably lower than
those measured using interferometry. This change is consistent with
the experimental frequency dependence of the electromechanical
response (Fig. 2, F and G), since in PFM, measurements are per-
formed at high frequencies, around 300 kHz. By fitting the experi-
mentally measured deflection to finite-element simulations of the
cantilever’s displacement, numerical predictions of My, were made,
which agree with the results in Fig. 2G (see fig. S11). Fluctuations in
the response are observed near 50 and 1000 Hz in Fig. 2F and near
1000 Hz in Fig. 2G. The fluctuations near 50 Hz are due to environ-
mental and mains noise affecting the first harmonic measurements,
whereas the 1000-Hz fluctuations are caused by resonances in the
cantilever system. The finite-element simulations (fig. S11) are fitted
to the experimental data and are thus not revealing causalities.

Modeling and observation of the electrostrictive
strain-driven phase transition

Density functional theory (DFT) simulations shed light on HfO,
and HZO’s phase stability under applied strain. We impose an artifi-
cial tensile uniaxial strain of up to 10% in the (100), (010), and (001)
directions of the nonpolar monoclinic (P2;/c), polar orthorhombic
(Pca2;), and antipolar orthorhombic (Pbca) phases of HZO and pure
HfO; (schematics of these phases are shown in fig. S12). The most
energetically stable phase under the applied strain is assessed upon
relaxation of the structure. The results presented in Fig. 3 (A and B)
(and fig. S13 for a comparison with the tetragonal P4,/nmc phase)
show that after the initial stabilization of the phases at 2% strain, the
energy per atom of each phase increases with increasing strain in
each direction. However, an inversion of the stable phase occurs
above 6% strain along the (010) direction of HfO, and HZO, where
the polar orthorhombic phase becomes the most stable (58).

The transition into the polar orthorhombic phase is further cor-
roborated by calculating the spontaneous polarization of uniaxially
strained hafnia and HZO along the (010) direction. As shown in
Fig. 3C, the Pca2, phase exhibits spontaneous polarization values of
51.79 and 52.42 pC/cm? for the HfO2 and HZO structures in the
[001] direction. These values are within a 5% error margin of those
reported in the literature (29, 59). Beyond 6% strain, a discontinuity
appears in both the energy-strain curve and polarization values. This
discontinuity arises from microstructural rearrangements in the
local coordination environment of the Hf/Zr cations along the di-
rection of the Pca2l polymorph. As illustrated in fig. S14, when a
critical Hf/Zr-O interatomic distance, d > 2.36 A, is exceeded under
strain, the metal coordination transitions from sevenfold to sixfold.

This reduction signifies a departure from the canonical Pca2, ferro-
electric phase, which features sevenfold cation coordination, where
each cation is surrounded by seven oxygen atoms, including three po-
lar (threefold-coordinated) and four buffer (fourfold-coordinated) oxy-
gens (58). These two oxygen sublattices, as described by Dutta et al.
(29), are labeled Oy and Oy in fig. S14, with the Oy sublattice respon-
sible for the polarization in the structure. The reduction in coordi-
nation disrupts this characteristic motif and stabilizes a new energy
minimum that becomes more favorable than competing phases, lead-
ing to a sharp increase in calculated polarization values. In addition,
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Fig. 2. Local electromechanical measurements using PFM with an in-plane geometry. (A) PFM amplitude and (B) PFM phase images after dc voltage application.
(C) Average of five SS-PFM hysteresis loops. PFM voltage dependency measurements of the (D) first- and (E) second-order electromechanical response; inset schematic of
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ometry and by PFM.

this coordination transition is specific to the strain direction; no
similar changes in coordination geometry are observed among the
other crystallographic directions examined. These findings demon-
strate that high epitaxial strain can surpass energy barriers between
different structural polymorphs and stabilize polar configurations
that differ from the traditional sevenfold coordinated Pca2; phase.
Figure 3 (D and E) illustrates the crystal structures of the un-
strained nonpolar monoclinic P2;/c phase and the uniaxially (010)
strained polar orthorhombic Pca2; structure, with arrows highlight-
ing the transformation from a nonpolar to a [001]-polarized struc-
ture. A notable subnanostructural change that triggers the phase
transition is the decrease in average bond lengths, which reduces
from 2.14 and 2.17 A for monoclinic HfO, and HZO to 2.11 and
2.12 A for orthorhombic HfO, and HZO, respectively (fig. S15). This
finding also aligns with our RSM results (fig. S6) that maximum elec-
trostriction occurs in films with a 0.4% shrinkage of the monoclinic
c axis and a 0.2% expansion of the b axis. Moreover, the decrease
in interatomic distances is accompanied by charge redistribution as
the Hf/Zr coordination environment transitions from sevenfold to
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sixfold. This structural reorganization realigns the charge centers
around the metal cations, inducing a net increase in polarization, as
presented in Fig. 3E.

Following the DFT predictions, we performed in situ XRD mea-
surements, tracking the position of the film and substrate Bragg peaks.
At the same time, a dc electric field is applied to the electrodes along
HZO’s (010) axis (Fig. 3G), as confirmed by our TEM measurements.
In this way, any lattice change caused by the applied field is observed
as a shift of the Bragg peak position. However, numerous HZO (200)
peaks appear for 20 values between 34.0° and 35.3° (59), making it
difficult to distinguish between the phases due to their proximity.
Nevertheless, the observed shift (Ad) toward lower angles in fig. S16
suggests a phase transition from the monoclinic to the orthorhom-
bic structure. Figure 3H displays the results for HZO and hafnia de-
posited on YSZ and a bare YSZ substrate for reference. Hafnia on YSZ
and the bare substrate do not show any substantial change in peak
position with increasing electric field, confirming our previous ob-
servations. On the other hand, the HZO/YSZ sample shows a change
in both the HZO and YSZ peak positions, indicating a change in the
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and YSZ (green). (H) First-order response activation—Ilattice strain calculated from Bragg peak position during in situ XRD measurements and laser interferometry, both

-1

measurements show a parabolic displacement and a stepwise increase in strain at 24 kV cm™ .
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atomic spacing. Moreover, the lattice strain in Fig. 3H shows the same
trend of concurrent first- and second-order strain behavior as is seen
in interferometry measurements, suggesting that the lattice strain
observed by in situ XRD is linked to the electromechanical cou-
pling. The observed shift in HZO and YSZ Bragg peaks can be as-
cribed to the YSZ substrate’s lattice being strained by the HZO films
under the electric field. Up to a dc electric field of 24 kV cm™, the
HZO and YSZ peaks show a quadratic lattice strain, corresponding to
My = 4.1 X 1077 m? V2. Once the in situ dc bias reaches 24 kV
cm™, the lattice strain rises sharply by ~10%, following the same trend
as the interferometry measurements done under ac fields (Fig. 3H).
Both measurements show the combination of the electrostrictive dis-
placement and a stepwise activation of the piezo-like strain at 24 kV
cm™ suggesting a phase transition. Furthermore, the strains mea-
sured by XRD are in the same order of magnitude as those observed
by PFM measurements. This suggests that device-scale effects other
than the nanoscale lattice effects detected by XRD may be involved
in the electromechanical response. Additional in situ XRD measure-
ments of the 002 and 204 reflections under bias (0 — 500 — 725 —>0V)
demonstrate a fully reversible structural response, independent of elec-
trode polarity. Two-axis XRD mapping further quantifies a revers-
ible in-plane strain of ~—0.10% and an out-of-plane strain of ~+0.03%,
confirming that the lattice distortion is elastic and reproducible
rather than indicative of an irreversible phase change (fig. S16).

The in situ XRD, interferometry measurements, and DFT simu-
lations imply that the activation of the first-order response is linked
to a strain-induced phase transition from the nonpolar monoclinic
to the polar orthorhombic phase caused by the large electrostrictive
strain. Results in Fig. 3H confirm that we reach 6% electrostrictive
strain at ~24 kV cm™', the same electric field value at which we ob-
serve both activation of the first-order response using interferome-
try and a step increase in lattice strain by in situ XRD.

Linearized electrostriction

To further explore the electromechanical coupling, we impose a com-
bined ac and dc external electric field. Under these conditions, the
crystal charge symmetry is disturbed, and the strain response becomes
linearized, demonstrating a behavior reminiscent of piezoelectricity
yet fundamentally arising from electrostriction (7, 60). The contri-
butions from a combined dc bias and ac voltage follow the equa-
tions below

e(t) o« My{ U, cos(ant) + Udc}2 (1)

U2
e(t) < 2M; U, - Uy, - cos(2nft) + MUTac - cos(2-2nft) + M;; - U3
2

where g(f) is the strain response over time ¢ at a frequency f, M; is
the electrostriction coeflicient, U,  and Uy_ are the external alternat-
ing electric field and bias. In Eq. 2, the first term describes the bias-
induced first-order response, the second term is the classical
second-order electrostrictive response, and the third term is pro-
portional to U; but does not change with time (7). Although com-
parable to the electromechanical response of piezoceramics, the
bias-induced first-order response arises from the squared field de-
pendency and the resulting cross-term combining ac field and
dc bias. Nevertheless, such a response is a useful benchmark for
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comparing electrostrictive materials with piezoceramics (61), typi-
cally called pseudo-piezoelectricity (e;), with values reported for
both thin films and bulk ceramics (7, 8, 60, 61).

The 5-Hz ac and dc signal superposition was applied to 10-nm
films of HZO on YSZ and STO. For the applied ac and dc voltages,
the linearized electrostriction contributes to a first-order response.
Figure 4A presents stress dependence in HZO/YSZ and HZO/STO
films as a function of combining dc and ac field (Ugc X U,). The
observed trend indicates the strong correlation between applied
fields and the induced mechanical response, and both systems ex-
hibit enhanced stress generation. More details can be found in fig.
S17 (A and B). This further validates the linearization of the elec-
trostriction, demonstrating the potential for tunable stress engi-
neering via electric field modulation.

To quantify the linearized electrostrictive response, we extracted
the pseudo-piezoelectric coefficient from the change in measured
stress for the applied ac voltage, with a linear fit to the data presented
in Fig. 4B. Here, €,, exceeds the highest previously reported value
for Gd-doped CeO, (Fig. 4C) (43), further confirming the excep-
tional electromechanical performance of our system. In addition,
the €, values under dc bias reach values similar to the d, after acti-
vation (Fig. 4C), suggesting that the observed activation effect may be
explained by the appearance of an internal dc bias in the system above
a threshold electric field (i.e., due to polarization). Last, we extract
the electrostriction coefficient M (fig. S17C) from the data shown in

. . . . _ e
Fig. 4A by analyzing the total strain response using M = TR The

values obtained by linearization of the electrostriction agree with those
found by analysis of the second-order strain response and confirm the
values of My, = 1 X 107" m* V™2, surpassing the highest reported
values in the literature (43). Notably, mechanical failure of some sam-
ples is observed during electrical measurements, due to intense stress
accumulation in the region between electrodes. Macroscopic cracks
formed along the crystallographic cleavage planes of the substrate are
documented using optical and electron microscopy (fig. S18).

DISCUSSION

Our findings uncover a previously unrecognized electromechanical
regime in hafnium zirconium oxide (HZO), where field-driven in-
stability of fluorite-derived phases gives rise to an extraordinary and
tunable response. At low field amplitudes, HZO remains in its cen-
trosymmetric monoclinic ground state, exhibiting a purely quadratic
strain-field relationship with an electrostriction coefficient of M =
1 x 107"* m* V™2, the highest measured in a single-layer oxide. How-
ever, beyond a critical threshold of 24 kV cm ™, the material undergoes
a reversible phase transformation to a polar orthorhombic struc-
ture, activating an extrinsic piezoelectric-like response with effective
coefficients exceeding 10,000 pm V™', The activation of the first-
order response does not originate from intrinsic ferroelectricity or
defect migration but rather from stabilization of the polar phase
under large electrostrictive strain. The associated polarization intro-
duces an internal bias, which effectively linearizes the second-order
response into an amplified first-order response.

Although P-E and dielectric measurements could provide addi-
tional insight into the monoclinic-to-polar orthorhombic transition,
the electric fields demanded by our sample configuration are prohibi-
tively large and prevent stable testing. Adapting this study to con-
ventional capacitive architectures offers a valuable path for future

70f13

9202 ‘62 8unC U0 MJewuad Jo AlSIBAIUN 212D | Te HI0°30Us 1I0S" MMM,/ SO1IY Lo} papeo uMoq



SCIENCE ADVANCES | RESEARCH ARTICLE

A o d . . .
wool O ® ol 1201 Hzo/YSZ [ At5 Hz
\ / T 1000 ’ 100,000 !
3500 R / . 2 750 . 5 m24
| . 3 = AmT6
‘ ® 500 P ]
3000 \\ // L ?3 ' ‘ dc (kVem™) 'g "
—_ ! HZO/STO 250 A ~—~10,000 m24 2 2
& 2500 ‘. I . . " S mi6 5
g H n 0 }<B e | R R = o
2 20001 ; u 3500 § T g. SR g
g \ / ' = Hzo/sTO = 2
& | . 3000 ; C & 1000 s Lo
] L o] w o= m0
1500 ] HZO/YSZ & 2500 1 . 3 a0t
u . . » = 2000 " : =
i + —1:
1000 l\.\ \\ / .,I g - -d((:)(kv em™) | |
500 e | 4 i B 10004 8 : 100 1 I
V 500 1 = 16 £
m 24 T T
01 3 e S 1 O CcGO
-200  -100 0 100 200 0 2 4 6 8 10 1/OH% »1/0\5«
V, XV, (kv cm?) ac field (kV cm™) W W
D
Unstrained nonpolar monoclinic Strained polar orthorhombic
Proo1;  P[oo1 Proo1;  P[oo1

€[010]

[100]

[010]

[010]

Electrostriction linearized by polarization Py

€010

Fig. 4. Linearization of electrostriction by combining ac and dc electric fields. (A) Stress plotted against Vyc X Vs, showing linearization of the electrostriction.
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and after activation without bias. (D) Proposed mechanism for the observed effects: Nonpolar monoclinic HZO shows large electrostriction, when the electrostriction
causes an electromechanical strain above 6%, monoclinic HZO transforms to polar orthorhombic HZO, the polarization causes internal dc biases to linearize the large
electrostriction, and an extraordinarily large linear electromechanical strain is observed.

investigation, but these structures would inherently suppress the shear
displacements central to the observed electromechanical response.
The electromechanical response of HZO is strongest under quasi-
static and low-frequency excitation, which distinguishes it from con-
ventional thin-film piezoelectrics designed for megahertz-gigahertz
operation. Although this limits radio frequency applications, the colos-
sal effective coefficients (>10,000 pm V™) reveal an electrostriction-
driven phase instability that is scientifically important. Similar
low-frequency giant responses have recently been highlighted in doped
ceria (43), oxygen-deficient fluorites (7), and NaNbO; films with
antiferroelectric-ferroelectric competition (62). These studies dem-
onstrate that this behavior is valued as both a novel design approach
and a benchmark for functional oxides. Beyond scientific insight,
large displacements at low or intermediate frequencies are directly rel-
evant for applications such as acoustofluidics (63), micropositioners,
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tunable optics, adaptive mechanics, and energy harvesting, where
bandwidth is less critical.

Critically, this work introduces a design principle for electrome-
chanical materials: leveraging field-induced symmetry breaking to
access extreme responses in otherwise nonpiezoelectric systems. The
ability to activate and control piezoelectricity extrinsically in a CMOS-
compatible oxide positions HZO as a foundational material for next-
generation actuators, sensors, and strain-adaptive nanoelectronics.

MATERIALS AND METHODS

Sample preparation

Thin films of undoped HfO, and HZO were grown onto crystals of
(100)-oriented YSZ and STO by pulsed laser deposition using a
COMPex-Pro KrF excimer laser with a wavelength of 248 nm and a
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pulse duration of 20 to 30 ns. The laser fluence used was 1.3 ] cm ™2,

and the depositions were done in 0.1 mbar of oxygen at 800°C. The
samples were cooled at a rate of 2°C min™" in 0.1 mbar of oxy-
gen. Film thicknesses were monitored by controlling the growth
rate and then confirmed by measuring Laue oscillations in XRD
measurements.

Gold electrodes (100-nm thickness) separated by 250 pm were
sputtered on the films through a shadow mask to create contacts.
The substrates were glued in a cantilever configuration onto glass
slides, and copper wires were connected to the electrodes using sil-
ver paste (as shown in Fig. 1D).

X-ray diffraction

XRD and RSM measurements were done using a Rigaku Smartlab
diffractometer. A Ge (200) 2-bounce monochromator was used to
remove the Ky, radiation line. XRD 0-20 measurements were done
using a zero-dimensional (0D) detector in Bragg-Brentano configu-
ration. RSM measurements were done using a 2D detector to allow
for fast scanning of large areas of reciprocal space.

In situ XRD measurements were done using a PANalytical X’Pert
PRO diffractometer equipped with a Cu anode x-ray tube and a
multichannel detector in Bragg-Brentano configuration. The mea-
surements were carried out with the smallest divergence and anti-
scatter slits available (1/32° and 1/16°, respectively) and without
monochromator to maximize intensity of the incident beam. The
thin-film device was carefully positioned in the diffractometer in
such manner so the incident beam would interact only with the
200-pm-wide region between the gold electrodes. Precise alignment
was confirmed by the loss of the Au 111 peak in the diffraction pat-
tern. During the measurement, the sample electrodes were connected
to a Hamamatsu C4840 high-voltage power supply, and a static dc
voltage was applied. Measurement parameters are as follows: 20 range
from 34.0490° to 35,4507°, step size of 0.0033°, 49,368-s counting
time per step, the total measurement time was 5 min and 20 s, and
an x-ray tube was operated at 40 kV and 30 mA. A schematic of the
experimental setup is shown in Fig. 3G.

Scanning nano-XRD microscopy

The local microstructural evolution of HZO/YZS thin film was in-
vestigated in situ by electric field-induced changes in their (002)
reflections via scanning nano-XRD under subcoercive electric fields
(bipolar cycling up to +15 V). The experiment was carried out at the
NanoMAX beamline of MAX IV (Lund, Sweden) (64). A mono-
chromatic 10-keV x-ray beam, at full flux mode (3 X 10%° photons/s),
was focused to 88 nm by 88 nm using Kirkpatrick-Baez mirrors and
scanned over a 2 pm-by-20 pm area with an exposure time of 0.1 s
per step (~3 min per voltage step). An Eiger 500K 2D detector
(75 pm X 75 pm pixel size) was placed 400 mm downstream of the
sample in horizontal scattering geometry at 26 = 28°. To minimize
beam-induced damage, 2D-RSM was acquired at the peak of the
rocking curve rather than through full 3D-RSM (fig. S19). The re-
gions of interest (ROIs) in real space were identified by reconstruct-
ing the scattering signal from the Au electrodes in reciprocal space.
After ROI localization, the structural parameters associated with
strain, tilt, FWHM (full width at half maximum), and their associ-
ated spatial heterogeneity (i.e., SD) were averaged over the scanned
area and evaluated as a function of the applied electric field (figs.
S7 and S8).
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Transmission electron microscopy

Cross-sectional liftouts for STEM analysis were taken using a Thermo
Fisher Scientific Helios NanoLab 460F1 FIB-SEM, with a final mill-
ing energy of 2 kV. STEM HAADF imaging was done using two
microscopes: a Hitachi High-Technologies HF5000 S/TEM and an
FEI Titan G2 80-200 ChemiSTEM. TEM imaging and selected area
diffraction were done using an FEI Titan 80-300 TEM. STEM imag-
ing was done at 200 kV, and TEM imaging and diffraction were
done at 300 kV. Mapping of the gradient of planar spacing was done
using Hyperspy (65) and Atomap (66). Geometrical phase analysis
on experimental images was performed using a DigitalMicrograph
plugin (67).

Laser interferometry

We measure our samples in the cantilever configuration. One edge of
the sample is fixed to a support, while the other edge is left overhang-
ing and free to vibrate, as shown in fig. S20A. We use an AIM-TTI
TGP 3100 function generator connected to a Trek 2220 amplifier to
apply an oscillating electric field to samples. The electromechanical
activity was measured with a single-beam laser interferometer SIOS
NA analyzer. The laser spot was focused onto the top of the film, in
the gap between the electrodes, to measure the displacement of the
cantilever. An in-plane expansion of the film causes the cantilever tip
to curve downward, whereas an in-plane compression of the film
causes the cantilever tip to curve upward. The time and frequency
components of the raw electromechanical signal are shown in fig. S20
(B and C). The amplitude of the oscillation at the chosen frequency
was evaluated through an Ametek 7230 DSP 340 Lock-in Amplifier,
by comparing the interferometry signal to the driving signal.

To remove any artifacts caused by the substrate reacting to the
applied field, the displacement of the substrate crystal without any
active layers is measured and subtracted from the displacement
measured on the sample. The comparison between the samples and
the bare YSZ and STO substrate crystals is shown in fig. S21.

The cantilever displacement is converted into the stress imparted
to the cantilever by the film using Stoney formalism. If the thickness
of the film h (10 to 100 nm) is negligible with respect to the thick-
ness of the substrate H (500 pm), then the Stoney formula was then
used to obtain the lateral stress ¢ from the vertical curvature k of
the cantilever

Y

-K—

6h(1—vg) 3)
where Y is the Young’s modulus of the substrate, and v is its Poisson
ratio. The in-plane strain € can further be obtained from the in-
plane stress by using € = Yi, where Y is the Young’s modulus of the

F

film. Since the in-plane electrodes only apply strain to the cantilever
along one in-plane direction (M), k can be obtained from the dis-
placement d of the cantilever tip and the cantilever distance c on the
substrate between the clamped and measurement points, using
K= i—f. We therefore use the modified Stoney formula for nonuni-

form biaxial strain, as shown by Chidambaram et al. (68)

d YgH?

" 2 3h(1-vg) )
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This formalism is widely accepted and has been used to char-
acterize many thin films in cantilever configurations (68, 69). We
further confirm the measured cantilever displacements by modeling
the system, as shown in fig. S11. The cantilever displacement is
simulated using the finite-element method model introduced in our
previous work (60) and briefly summarized below under computa-
tional details. By fitting to the measured displacement, a numerical
value of the electrostrictive longitudinal coefficient M, is obtained,
consistent with experiments.

To assess potential Joule heating during voltage cycling, thermal
images were captured before and after electrical stimulation using a
FLIR C3x thermal camera. The sample consisted of a thin activation
layer (10 to 100 nm) deposited on a single-crystal substrate (500-pm
thick), with electrodes spaced 250 pm apart. Although the thermal
cameras resolution can be affected by surface reflectivity, this ap-
proach allowed monitoring of possible temperature variations across
the electrode gap. Thermal images are presented in the Supplemen-
tary Materials (fig. $22).

Maxwell strain is the strain caused by the Coulomb attraction
between charged electrodes. The coefficient p relating the Maxwell
strain to the applied electric field can be calculated using p = —% %
The expected Maxwell strain for these samples was calculated, yield-
ing a Maxwell strain coefficient value of p = —1 x 107" m* V7, four
orders of magnitude smaller than the smallest electrostriction coef-
ficient we observe.

Piezoresponse force microscopy

PFM measurements and spectroscopy were carried out using an
NTEGRA Aura scanning probe microscope (NT-MDT, the Netherlands)
equipped with an external HFLI lock-in amplifier (Zurich Instru-
ments, Switzerland) and an NI-6361 DAQ board (National Instru-
ments Corp., USA). The measurements were performed at the first
flexural contact resonance frequency using dual-frequency reso-
nance tracking, with an ac voltage of 1 to 3 V applied to the probe per
frequency bin. Platinum-coated Multi75-G probes (BudgetSensors,
Bulgaria) were used for all measurements. These probes have a
nominal tip radius of ~35 nm, a spring constant of ~5 N/m, and a
typical contact resonance frequency of ~270 to 300 kHz.

Conventional vertical PFM measurements were conducted by
applying a voltage to the probe while grounding the sample. Elec-
trostriction measurements were performed by applying a voltage
between surface electrodes, with the probe grounded and positioned
between the electrodes to detect lateral surface displacement. All
measurements were conducted in a controlled environment with
relative humidity maintained below 5% by constant airflow in the
microscope chamber.

SS-PFM was carried out using superimposed ac and dc voltages.
The acquired data were processed using a custom Python code. The
phase offset of the lock-in amplifier was adjusted to minimize the
quadrature component of the hysteresis loop. Quantification of sur-
face displacement was based on vertical and lateral force-distance
curve measurements (70). A damped harmonic oscillator model
was used to extract amplitudes, with additional normalization by
the cantilever shape factor (71).

Computational details
Ab initio calculations were performed using the DFT framework in
VASP (72, 73). The exchange-correlation effects were addressed using
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the Perdew-Burke-Ernzerhof functional revised for solids (74) and
by using projector-augmented wave (75)-based atomic pseudopo-
tentials. Our calculations use a 520-eV energy cutoff to ensure proper
convergence of the plane waves. The I'-centered k-point grids were
generated with a k-point density of 3 points/A. The energy conver-
gence criterion between consequent images was set to 1.0 X 1077 eV,
and the interatomic force criterion was set so that the norm of all the
forces was lower than 0.05 eV/A.

The pristine structures were extracted from the Materials Project
database, and we allowed for the relaxation of atomic positions. The
converged geometries were scaled to 2 X 2 X 2 supercells. The HZO
solid solutions are created with the ACAT (76) package that comes
with the ASE software (77). Twenty-five different solid solutions
were created for each of the three phases, and the top five most ther-
modynamically favored were allowed to proceed to the applied
strain calculations together with the pristine supercells. PerQueue
was used as the workflow manager for our calculations (78).

Three directions of uniaxial tensile strain, reaching up to 10% in
increments of 2%, were analyzed parallel to the [100], [010], and [001]
directions, while the orthogonal directions to the applied strain re-
mained fixed. The resulting energies are compared against the ground
state—the monoclinic phase. The calculations of spontaneous po-
larization were conducted in accordance with the modern theory of
polarization (79). Crystal structure visualizations were made with the
Visualization for Electronic and Structural Analysis software (80).

In the numerical model for the cantilever deflection, the in-
dependent fields are the mechanical displacement field u and the
electric potential ¢. The dependent fields are the strain tensor
s= % [Vu+(Vu)T], the electric field E = —V ¢, as well as the stress
tensor ¢ and the electric displacement D. In the experimental setup,
a pure ac voltage V = V' e/ is applied to the electrodes of the elec-
trostrictor so to leading order the electrostriction response takes
the form

2) —i 2)% i
u; = uf )e 20t + ui ) el2ot

(5)

d) — (b(l)e—iwt + (b(l)*eiwt (6)
where the asterisk denotes complex conjugation. Because of the in-
plane electrode placement, two simplifications are introduced in our
model: (i) The electric Maxwell stress is negligible, leaving the elec-
trostrictive response as the sole cause of the deflection, and (ii) the
shear electrostrictive coeflicient M, is negligible, leaving the longi-
tudinal coefficent M, as the only electrostrictive coeflicient in the
model. This simplification combined with the assumption of isotro-
pic materials results in the constitutive equations (using index nota-
tion) to second order in u

6; = Cyja(Y, V) sy + mypy (Y, v, My, ) E(E) (7)
D, = sj]. E;, with i,j,k,and I being x,y,0r z (8)

Here, Y is the Young’s modulus, v is the Poisson’s ratio, M5, and
M, are respectively the shear and longitudinal electrostriction coef-
ficients, g is the electric permittivity, ;; is the Kroenecker delta, and
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the elastic moduli C;j; as well as the electromechanical coupling co-
efficients m;; are given in terms of Y, v, M;;, and M3, as described in
the Supplementary Materials (eq. S2). The governing equations for u
and ¢ are

2
patu=V-6,0=V-D (9)

As in our previous work (60), we implement these equations in
the Weak Form PDE Interface of COMSOL Multiphysics. The mate-
rial’s properties and geometrical parameters used in the simulations
can be found in table S1 and fig. S23 in the Supplementary Materials.
Using this longitudinal electrostriction model, we fit the simulated
cantilever displacement to the measured displacement using the elec-
trostriction coefficient M, as the only fitting parameter. The depen-
dence of M, on frequency was derived using the method presented in
our previous work (60) via a Taylor expansion of M, in the deflec-
tion. Figure S11 shows how the simulated deflection versus frequen-
cy (open gray triangles and connecting curve) fits well the measured
cantilever deflection (black squares). Also shown is the resulting fit
of M, versus frequency (blue points and connecting curve).

Supplementary Materials
This PDF file includes:

Figs.S1to0 S23

Table S1

Supplementary Text
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