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 19 

Electrostriction is a property of the dielectric materials whereby an applied electric 20 

field induces a mechanical deformation proportional to the square of the electric 21 

field. The magnitude of the effect is usually minuscule (less than 10–19 m2/V2 for 22 

simple oxides). However, symmetry-breaking phenomena at the interfaces can offer 23 
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an efficient strategy to design new properties.1, 2 Herein, we report an engineered 24 

electrostrictive effect via the epitaxial deposition of alternating layers of Gd2O3-25 

doped CeO2 and Er2O3-stabilized δ-Bi2O3 with atomically controlled interfaces on 26 

NdGaO3 substrates. The value of the electrostriction coefficient achieved is 2.38 × 27 

10–14 m2/V2, exceeding the best-known relaxor ferroelectrics by three orders of 28 

magnitude. Our theoretical calculations indicate that the extraordinary 29 

electrostriction arises from coherent strain imparted by the interfacial lattice 30 

discontinuity. These artificial heterostructures open a new avenue for designing and 31 

manipulating electrostrictive materials and devices for nano/micro actuation and 32 

cutting-edge sensors. 33 

 34 

Materials that develop strains in response to an electric field have attracted substantial 35 

attention over the past decades owing to their wide applications, including non-resonant 36 

actuators, high-end transducers, artificial muscles, energy harvesting, and various 37 

sensors.3, 4 Although piezoelectricity is limited to materials with a non-centrosymmetric 38 

crystal structure, electrostriction is a property exhibited by all dielectrics, which produces 39 

a high displacement accuracy in the absence of strain-field hysteresis and remnant 40 

polarisation. Electrostrictors are characterised by a fourth rank tensor called 41 

electrostriction coefficient (Mijmn, here shortened as Mxx), which relates the induced strain 42 

(𝜀𝜀𝑖𝑖𝑖𝑖∗ ) to the electric field (En) via 𝜀𝜀𝑖𝑖𝑖𝑖∗ = ∑ 𝑀𝑀𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝐸𝐸𝑖𝑖𝐸𝐸𝑖𝑖𝑖𝑖,𝑖𝑖 . The magnitude of Mxx is usually 43 
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low (<< 10–19 m2/V2) for simple oxides, such as MgO, TiO2, and Y:ZrO2.5 Relaxor 44 

ferroelectrics and ferroelectric polymers are two archetypes of electrostrictive materials 45 

which exhibit high electromechanical responses.5, 6 Lead-based relaxors exhibit a larger 46 

electrostriction coefficient (1.0 × 10–17 m2/V2) and generate high saturation stress (up to 47 

150 MPa).7, 8 Polymers also possess high electrostriction coefficients (1.8 × 10–18 m2/V2). 48 

However, the stress delivered is approximately two orders of magnitude lower (2 MPa on 49 

average).9 Recently, Gd2O3-doped CeO2 (CGO) based electrostriction materials revealed 50 

anomalously large electrostriction with the saturation stress exceeding 500 MPa.10-14 This 51 

class of electrostrictors represents a promising lead-free alternative to ferroelectric 52 

materials. 53 

The integration and size reduction of nano/microelectronic devices impetus the 54 

development of electrostrictors that can operate with low power consumption and long-55 

term stability. Heterostructure multilayers are a promising platform for the development 56 

of next-generation nanoscale materials and properties, e.g., fast ionic conduction,15 metal-57 

to-insulator transitions,16 and ferroelectricity in paraelectric materials.17 Such properties 58 

are associated with the complex yet tailorable interfacial properties, resulting in 59 

ionic/electronic redistribution, symmetry breaking, and strain gradients.1, 2, 18 However, 60 

the scaling effect associated with interface engineering of electrostriction materials 61 

remains a fundamental question needed to be addressed.19-23 62 
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Herein, we report a novel approach for engineering electrostriction through artificial 63 

interfaces. Gd2O3-doped CeO2 (CGO) and Er2O3-stabilized δ-Bi2O3 (ESB) were selected 64 

to design multilayers as model material systems. The lattice mismatch between the CGO 65 

and the ESB layers was used to tune the local interfacial distortions and amplify the 66 

electrostriction. This strategy yields an electrostrictive enhancement of three orders of 67 

magnitude compared to single-layered CGO films, resulting in the highest value (Mxx 68 

~10–14 m2/V2) measured in any electrostrictive materials. This kind of artificial 69 

electrostrictive heterostructures opens up new opportunities for developing high-70 

performance nano-/micro-electromechanical devices.  71 

Ultrathin films were deposited using pulsed laser deposition (PLD). The heterostructures 72 

contain alternating layers of gadolinium-doped ceria (Ce0.8Gd0.2O1.9, CGO) and erbium-73 

stabilised bismuth oxide (Er0.4Bi1.6O3, ESB) deposited on pseudocubic (pc) [010]-74 

oriented NdGaO3 substrates (NGO). The heterostructures are defined as 75 

NGO/CGO/[ESB/CGO]N, where N = 1, 3, 7, 10, 15 is the number of [ESB/CGO] bilayers 76 

schematically illustrated in Fig. 1a. The total thickness (d) of the thin films was fixed at 77 

approximately 17 nm with a CGO to ESB thickness ratio of 1:1. The modulation length 78 

(Λ) is the thickness of the [ESB/CGO] bilayers, which is related to d (the total thickness 79 

of the film) and N (the number of repetitions) via Λ = d/(N+1/2); for N = 1, 3, 7, 10 and 80 

15, the values of Λ are 11.33, 4.86, 2.27, 1.62, and 1.10 nm, respectively. The high-angle 81 

annular dark-field scanning transmission electron microscopy (HAADF-STEM) Z-82 
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contrast images of NGO/CGO/[ESB/CGO]7 reveal the epitaxial relationship between the 83 

constituent layers, with ESB exhibiting a brighter ADF image contrast than CGO (Fig. 84 

1b). The atomically resolved energy-dispersive X-ray (EDX) profiles of Ce, Er, and O 85 

exhibit the compositional variation that enables the identification of well-defined 86 

interfaces. Dopant segregation or formation of extended defects (e.g., dislocations or line 87 

defects) is not observed down to Λ = 2.27 nm; however, a further decrease in Λ to 1.62 88 

nm results in substantial chemical intermixing, as demonstrated by the electron energy 89 

loss spectroscopy (EELS) and STEM-EDX results (Extended Data Fig. 1). 90 

The electrostrictive response of the heterostructure is proportional to the square of the 91 

electric field strength (Extended Data Fig. 2). The generated stress exceeds 9.7 GPa at the 92 

maximum applied electric field of 17.4 kV/cm. Fig. 1c shows the electrostriction 93 

coefficient (Mxx) of the heterostructure as a function of Λ measured at 1 Hz. For ease of 94 

comparison, the Mxx of a single layer of CGO thin film has been plotted along with the 95 

reported coefficient values for CGO films of varying thickness (d ≥ 400 nm).10, 12-14 For 96 

single-layered films, Λ is equal to the film thickness (d). A comparison with Bi2O3-based 97 

films is not included as their electrostrictive properties have not yet been investigated 98 

owing to their structural and chemical instabilities.11, 24, 25 As seen in Fig. 1c, the plot of 99 

the measured Mxx exhibits a "volcano-like" shape as a function of 1/Λ, with the maximum 100 

value measured at Λ = 2.27 nm. The electrostriction coefficient increases linearly as 1/Λ 101 

increases up to 0.44 nm-1. This configuration corresponds to 7 bilayers of [ESB/CGO]. 102 
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Further increases of 1/Λ beyond 0.44 nm-1 lead to a decrease in the electrostriction 103 

coefficient. The initial linearly increasing values align well with the reported Mxx values 104 

for CGO, regardless of the deposition method, process parameters, film microstructure, 105 

and type of substrate/electrode.10, 12-14  Remarkably, the maximum Mxx of the 106 

heterostructure (2.38 × 10–14 m2/V2) is more than three orders of magnitude greater than 107 

those of thick CGO films.10, 12-14 However, as Λ decreases below Λ = 1.62 nm (N > 7), the 108 

electrostriction coefficient decreases substantially, which can be attributed to intermixing 109 

at the interfaces (Extended Data Fig. 1) that results in deteriorated electrostriction. 110 

 111 

The chemical stability and the electromechanical performance of heterostructures with 112 

different stacking sequences were also investigated (Extended Data Fig. 3). When ESB 113 

was deposited directly onto NGO (NGO/ESB/[CGO/ESB]3), the heterostructure 114 

exhibited a reduced electrostriction coefficient of 3.0 × 10–16 m2/V2 (Extended Data Fig. 115 

3). By contrast, when CGO was deposited onto NGO (NGO/CGO/[ESB/CGO]3), the 116 

heterostructure exhibited chemical stability with substantially enhanced electrostriction, 117 

highlighting the importance of the stacking sequence. Therefore, we have used the 118 

NGO/CGO/[ESB/CGO]N as the main configuration for our experiments, where the 119 

heterostructure is capped with CGO to prevent the degradation of the ESB layer. Fig. 1d 120 

shows the plots of Mxx for heterostructures with Λ = 11.33, 2.27, and 1.10 nm as a function 121 

of frequency. The performance of the heterostructures is superior to that of reported 122 
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individual electrostrictive materials, including bulk CGO,26 Y/Nb:Bi2O3,11 La2Mo2O9,27 123 

Y:ZrO2 (YSZ)11, or commercial relaxor ferroelectrics, such as Pb(Mg1/3Nb2/3)O3-PbTiO3 124 

(PMN-PT),6 P(VDF-TrFE) copolymers9. The electrostriction of the heterostructures also 125 

surpasses the recently discovered ultrahigh electrostriction of lead halide perovskites.28 126 

Similar to bulk CGO, the measured Mxx of the heterostructures decreases with an increase 127 

in frequency (1 ≤ f ≤ 200 Hz): for Λ = 2.27 nm, it decreases from 2.38 × 10–14 m2/V2 at 1 128 

Hz to 3.76 × 10–15 m2/V2 at 200 Hz. This enhanced electrostrictive response can be used 129 

in novel applications. It reduces the operating electric field substantially, improving the 130 

long-term stability of the devices and lowering their energy consumption.  131 

A potential drawback of multilayers is the possible delamination at the interfaces after 132 

cyclic electrical loading, which could lead to the failure of the electrostrictive devices. 133 

Therefore, the fatigue behaviour of the NGO/CGO/[ESB/CGO]7 heterostructure was 134 

investigated as a function of time by applying a sinusoidal electric field with a constant 135 

amplitude of 17.4 kV/cm at different frequencies (Extended Data Fig. 4). Notably, the 136 

heterostructure remained electromechanically active, and the field-induced stress did not 137 

degrade after 1000 cycles at 1 Hz. The electromechanical stability was further confirmed 138 

by subsequent measurements at 50 and 200 Hz for another 1000 cycles (Extended Data 139 

Fig. 4). 140 

Fig. 2a shows the X-ray diffraction (XRD) reciprocal space mapping (RSM) analysis for 141 

the heterostructures around the asymmetric (221)pc reflection of NGO. The out-of-plane 142 
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position and shape of the (420) reflections of the heterostructures vary with a decrease in 143 

Λ. The overall structural coherency is maintained, indicating that the in-plane lattice 144 

parameters of the heterostructure are coherent with respect to the substrate. This result is 145 

consistent with the scanning transmission electron microscopy (STEM) results. The sub-146 

peaks along the out-of-plane direction observed for Λ = 11.33 and 4.86 nm are attributed 147 

to the lattice relaxations within the CGO and ESB layer. The XRD (2θ-ω scan) analysis 148 

indicates that the heterostructures are phase-pure films oriented along the (110) 149 

crystallographic direction (Fig. 2b). The Laue diffraction oscillations around the 150 

superlattice peaks indicate that the periodicity of the fluorite lattice is well preserved for 151 

different modulation lengths. 152 

The fluorite oxides (CGO and ESB) grow epitaxially on the perovskite oxide (NGO) with 153 

a rotation of 45° to account for the substantial mismatch and allow cube-on-cube growth. 154 

This arrangement results in an epitaxial relationship of <110>CGO//<010>pc NGO such that 155 

the mismatch is reduced to ~1% (see Fig. 2c and Extended Data Fig. 1a).  156 

The lattice mismatch between the heterostructure and the substrate is compensated 157 

completely by the elastic strain, generating an average in-plane strain of 1% in the film 158 

(see Fig. 2d and Supplementary Fig. 1). In contrast, the magnitude of the average out-of-159 

plane compressive strain decreases from ca. 1.5% to ca. 1% when Λ is decreased from 160 

11.33 to 2.27 (N increased from 1 to 7). Consequently, the volumetric strain (∆V/V) 161 

increases from 0.48% to 0.99%, with Λ = 2.27 nm being the largest. The abnormal change 162 
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in strain for Λ < 2.27 nm is attributed to the chemical intermixing at the interfaces, as 163 

shown in the EELS and EDX maps shown in Extended Data Fig. 1b and c. The variation 164 

of out-of-plane strain (and hence ∆V/V) as a function of Λ correlates well with the 165 

measured electrostriction coefficient (Fig. 1c). 166 

Based on the structural analysis discussed above, we employed atomic-scale simulations 167 

on heterostructures with alternating layers of CGO and ESB to investigate the structural 168 

evolution as a function of Λ. The simulations were performed by fixing the composition 169 

to the experimental stoichiometry, i.e., Ce0.8Gd0.2O1.9 and Er0.4Bi1.6O3, respectively. The 170 

model structures were optimised with the in-plane lattice parameters fixed to the NGO 171 

substrate, while the out-of-plane lattice parameter was allowed to relax. The calculations 172 

were performed for heterostructures with different modulation lengths, i.e., 96, 48, 32, 173 

24, 16, 12, 8, 6, and 4 cationic planes, respectively. Fig. 3a shows a schematic illustration 174 

of the modulation length, and the definition of the cationic interplanar distance (dC) 175 

projected in the out-of-plane direction. The amplitude of the lattice distortion at the 176 

CGO/ESB interfaces was calculated based on the variation in dC as a function of Λ (Fig. 177 

3b). For example, for Λ = 18.56 nm (96 cationic planes), the lattice relaxation yields two 178 

distinct plateaus at 1.92 and 1.96 Å, close to the individual interplanar distances of bulk 179 

CGO and ESB, respectively. This range of values agrees well with the lattice relaxation 180 

observed for Λ = 11.33 and 4.86 nm (N = 1 and 3) in the RSMs shown in Fig. 2a. 181 
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The effect of the interfaces becomes progressively evident with a decrease in Λ. The 182 

interplanar distances become gradually frustrated with a reduction in Λ down to 2.33 nm 183 

and beyond (approaching Λ = 2.27 nm for NGO/CGO[ESB/CGO]7). At Λ = 0.78 nm, it 184 

is difficult to distinguish between the interfaces and individual regions, indicating that 185 

CGO and ESB adopt similar lattice parameters. 186 

We further evaluate the role of modulation length on electrostriction by two different 187 

models: (1) A phenomenological model considering elastic and electric dipoles and (2) 188 

molecular dynamics (MD) simulations. For the former case, we consider an ensemble of 189 

elastic dipoles, where each is coupled to an electric dipole, as schematically illustrated in 190 

the inset in Fig. 4a. The elastic-electric dipoles interact with an external electric field by 191 

changing their orientation in space (Supplementary Information "Phenomenological 192 

Simulation" section). Mxx is then calculated as a function of volumetric strain (∆V/V) to 193 

mimic the strain state of the heterostructures as a result of the evolution of modulation 194 

length. Fig. 4a shows that the calculated Mxx increases fast with the increase of ∆V/V, 195 

which is in agreement with the experimental observation of increasing lattice parameter 196 

for increasing 1/Λ up to 0.5 nm-1 (Fig. 3c), and the increase of Mxx in the same value range 197 

of 1/Λ (Fig. 1c). 198 

We further employed MD simulations to investigate the effect of Λ on electrostriction. 199 

We apply an external electric field on the heterostructures, allowing the lattice parameters 200 
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(a/b/c) to relax (see Extended data Fig. 5). The results confirmed that the field-induced 201 

strain exhibits a "volcano-like" shape as a function of Λ (Fig. 4b).  202 

To explore the applicability of multilayering for engineering electrostriction, we have 203 

further investigated the field-induced strain as a function of Λ with different defective 204 

oxide structures (fluorite, perovskite, garnet, and spinel). These results are fully consistent 205 

with the "volcano-like" behaviour, demonstrating that interfacial engineering is a 206 

promising strategy to achieve large electrostriction (Extended data Fig. 6). 207 

Here, we propose that the volumetric strain change in the heterostructure is associated 208 

with substantial variation of the local distortions, leading to the coexistence of energy-209 

competing elastic dipoles (and hence electric dipoles). A radial distribution function 210 

(RDF) analysis confirms this behaviour: decreasing Λ, the radial distribution broadens, 211 

indicating that the distances between the cations and the anions in the heterostructures 212 

increase (see Extended data Fig. 7 and 8). We conclude that, in the strained multilayers 213 

(without external electric field), the ions are not fixed to high-symmetry positions, gaining 214 

thus in spatial freedom and thus increasing elastic and electrostatic energy 215 

(Supplementary Information Fig. 2). When an electric field is applied, the electric dipoles, 216 

which are coupled to elastic dipoles, are easier to polarise.29, 30 They are then able to adjust 217 

their relative positions, leading to larger Mxx. This effect becomes even more pronounced 218 

when decreasing Λ, owing to the increase in the strength of the elastic dipoles. However, 219 

for Λ beyond a certain value, the oxygen sublattice becomes disordered, and the 220 
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volumetric strain effect is lost (Fig. 3c), thus resulting in the decrease of electrostriction. 221 

In short, the reduction in the modulation length Λ plays a two-fold role: a) it increases the 222 

strength of the elastic dipoles, and b) it leads to the coexistence of energy-competing 223 

elastic dipoles, which are easier to switch between different directions in response to the 224 

external electric field. Fig. 4c illustrates the mechanism schematically. 225 

In conclusion, we show that the electrostriction effect can be designed and manipulated 226 

by artificial heterostructures. This framework provides new insights into the role of 227 

interfacial strain discontinuities, which can be further extended to other defective oxide 228 

systems. Such strain modulation results in the displacement of ions away from the ideal 229 

lattice sites. It provides the degree of freedom required to control the strength of the elastic 230 

dipoles and their ability to reorient, which is a key reason for achieving a large 231 

electrostriction coefficient in ultrathin heterostructures. These factors are a prerequisite 232 

for replacing lead-based piezoelectric materials (such as commercial PMN-PT) with 233 

environment-friendly and non-toxic electrostrictors with superior, reliable, and optimised 234 

properties, making them suitable for a wide range of applications, including optical 235 

communication, biomedical actuation, and micro-sensors. 236 
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 340 

Methods 341 

Thin-film fabrication. The heterostructures were fabricated by alternating CGO and 342 

ESB layers using PLD with a multi-target carousel. The target–substrate distance was 50 343 

mm. The 248 nm KrF excimer laser was operated at 2 Hz with a laser fluence of 1.8 J 344 

cm–2. The deposition rate was ~0.05 Å per pulse. The total number of laser shots on the 345 

targets were 3560 (1780 for CGO and 1780 for ESB), yielding a total thickness of ~17 346 
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nm. The ratio of CGO to ESB was fixed at 1:1, whereas the thickness of each layer varied 347 

with the modulation length. The deposition was performed at 600 °C at an oxygen partial 348 

pressure of 10–3 mbar. The heating/cooling rate was 10 °C/min. The Au top electrodes 349 

were sputtered with a Bal-Tec SCD 005 sputter coater at room temperature. 350 

STEM, EDX, and EELS measurements The cross-sectional transmission electron 351 

microscopy (TEM) lamellae were prepared via focused ion beam using an FEI HELIOS 352 

650 dual-beam focused ion beam device. Carbon and platinum protective layers were 353 

deposited on the top of the film during the preparation process. The aberration-corrected 354 

HAADF-STEM and EDX were performed using a probe aberration-corrected 'cubed' FEI 355 

TITAN 80-300 electron microscope operated at 300 kV equipped with SUPER-X EDX 356 

detector system. Line profiles of the elemental distribution along the TEM lamellae were 357 

averaged over several unit cells laterally for better statistical analysis. The EELS data 358 

were acquired on a double aberration-corrected 'cubed' FEI-TITAN 80-300 electron 359 

microscope operated at 120 kV in monochromatic mode, providing an energy resolution 360 

of 150 meV.  361 

XRD and RSMs analysis. The crystal structure and strain states were characterised using 362 

a high-resolution Bruker D8 discover diffractometer with monochromatic Cu Kα1 363 

radiation (λ = 1.5406 Å). Reciprocal space mapping was performed around the (221) 364 

asymmetric reflection of the NGO substrate.  365 

Electrostriction measurements The electrostriction properties of the heterostructures 366 

were measured using a planar electrode configuration, with the two electrodes placed on 367 

top of the thin films in parallel (inset in Fig. 1c). The sinusoidal electric field was 368 

generated using an AIM-TTI TGP 3100 function generator, amplified by a Trek 2220 369 
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amplifier. The deflection at the free end of the cantilever was measured using a single-370 

beam laser interferometer SIOS NA analyser at the second harmonic of the electrical 371 

field. An Ametek 7230 DSP lock-in amplifier was used to improve the signal-to-noise 372 

ratio (down to 0.2 nm). Additional details can be found in Supplementary Fig. 3. The 373 

electric field distribution within the cantilever was modelled using the finite element 374 

simulations, as shown in Supplementary Fig. 4. 375 

Atomic-scale Simulations Atomic-scale simulations were performed based on the Born 376 

model of ionic solids.31 This approach has been used extensively to model the effect of 377 

an electric field for various material systems, such as polarisation-electric field hysteresis 378 

and electro-strain hysteresis of ferroelectrics,32 caloric effects of MAPbI3,33 and mobility 379 

of oxygen ions in CeO2.34 The ions are treated as classical particles, whereas the 380 

interatomic interactions are described by 381 

 𝑉𝑉𝑖𝑖𝑖𝑖 =
𝑍𝑍𝑖𝑖𝑍𝑍𝑗𝑗4𝜋𝜋𝜀𝜀0𝑟𝑟𝑖𝑖𝑗𝑗 + 𝐴𝐴𝑖𝑖𝑖𝑖 exp �− 𝑟𝑟𝑖𝑖𝑗𝑗𝜌𝜌𝑖𝑖𝑗𝑗� − 𝐶𝐶𝑖𝑖𝑗𝑗𝑟𝑟𝑖𝑖𝑗𝑗6                                              1 382 

where the first term describes the long-range Coulomb interactions and the following two 383 

terms correspond to the short-range electron cloud overlap and dispersion, respectively. 384 

The parameters rij,  𝑍𝑍𝑖𝑖(𝑖𝑖), and 𝜀𝜀0 correspond to the distance between ions i and j, the 385 

valences of the ions, and the permittivity of free space, respectively;  386 

During the simulation of the structural evolution as a function of Λ (Fig. 3 and 387 

Extended data Figure 7), the in-plane lattice parameters were kept fixed, whereas the out-388 

of-plane lattice parameters were free to relax. For the calculation of the electrostriction 389 
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coefficient, the in-plane and out-of-plane lattice parameters were free to relax in response 390 

to the electric field (Fig. 4b and Extended data Figs. 5 and 6). Extended Data Fig. 8 shows 391 

a schematic illustration of the elastic dipoles resulting from local lattice distortions. 392 

During the simulations, the temperature was monitored using a Nosé–Hoover 393 

thermostat,35, 36 as implemented in the LAMMPS package.37 More details about the 394 

empirical Buckingham parameters and the supercell configurations can be found in 395 

Supplementary Fig. 4 and the related text.  396 

Phenomenological simulations This model considered an ensemble of elastic dipoles, 397 

each elastic rigidly connected to an electric dipole. The elastic-electric dipoles were 398 

assumed to interact with an initial strain field and external electric field by changing their 399 

orientation in space. The equilibrium orientation was obtained by minimizing the sum of 400 

the total energy (Etotal) of the system:  401 𝐸𝐸total = 𝐸𝐸elastic + 𝐸𝐸electric                                                        2 402 

where 𝐸𝐸elastic  and 𝐸𝐸electric  are the elastic and electric contributions, respectively. The 403 

effect of modulation length was captured by calculating the electrostriction coefficient as 404 

a function of the volumetric strain (∆V/V), which varied as a result of the modulation 405 

length change. More details about the interactions between the elastic and electric dipoles 406 

and their response to the external field can be found in Supplementary Fig. 5 and the 407 

related text. 408 

 409 
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Data Availability 410 

The data supporting this study's findings are available from the corresponding authors 411 

upon reasonable request. 412 

Code Availability 413 

The code used for the creation of physical model and atomic-scale models are available 414 

from the corresponding authors upon reasonable request. 415 
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Figure legends: 431 

 432 

Figure 1 433 

 434 

Fig. 1| Multilayer structure and electrostrictive property of NGO/CGO/[ESB/CGO]N. a, Schematic illustration of 435 

the multilayer architecture. b, HAADF-STEM image and EDX compositional variations for Λ = 2.27 nm. c, 436 

Electrostriction coefficient (Mxx) as a function of modulation length (Λ) measured at 1 Hz. The inset schematically 437 

illustrates the top-top electrode configuration. d, Electrostriction coefficient (Mxx) as a function of frequency for 438 

heterostructures with Λ = 11.33, 2.27, and 1.10 nm. Electrostriction properties of various electrostrictive materials are 439 

shown for comparison: CeO2,26 CGO15,26 Y/Nb:Bi2O3,11 YSZ,11 La2Mo2O9,27 PMN-PT,6 P(VDF-TrFE),9 and 440 

MAPbI3.28  441 
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Figure 2  442 

 443 

Fig. 2| Structural analysis of NGO/CGO/[ESB/CGO]N. a, Reciprocal space mappings (RSMs) of the 444 

NGO/CGO/[ESB/CGO]N heterostructures around the asymmetric (221)pc reflection of the NGO substrate. b, X-ray 445 

diffraction pattern (2θ-ω scans) of the films. c, Schematic illustration of the epitaxial relationship between the 446 

heterostructure and the NGO substrate. d, Evolution of the in-plane and out-of-plane strains. The in-plane and out-of-447 

plane strains are calculated based on the RSMs and 2θ-ω scans, respectively. The error bars in d represent the fitting 448 

error of the lattice constants.  449 

 450 
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Figure 3  451 

 452 

Fig. 3| Mechanism of interlayer interaction. a, Schematic illustration of the modulation length (Λ) and the cationic 453 

interplanar distance (dC) for the heterostructures. The oxygen ions are omitted for clarity. b, Variation of dC as a function 454 

of Λ projected onto the out-of-plane direction. The dark and red dot lines represent the individual interplanar distances 455 

of CGO (1.92 Å) and ESB (1.96 Å), respectively. ΔdC is 0.04 Å. c, Variation of the out-of-plane lattice parameters as 456 

a function of 1/Λ. The dash-dotted lines are included as a guide to the eye only. 457 

 458 

 459 

 460 

 461 

 462 

 463 
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464 

Figure 4  465 

Fig. 4| Mechanism of the enhanced electrostriction. a, Electrostriction coefficient as a function of volumetric strain. 466 

The inset is a schematic illustration of the coupling between the electric dipole and elastic dipole, where Σ�, p, 𝜀𝜀, and E 467 

denote elastic dipole, electric dipole, strain field and electric field, respectively. b, Electrostriction coefficient as a 468 

function of modulation length. c, Schematical illustration of the mechanism showing the distribution and reorientation 469 

of elastic dipoles within heterostructures with different modulation lengths with and without external electric field.  470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 
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Extended Data Figure legends: 479 

Extended Data Figure 1 | STEM analysis of the heterostructures. a. HAADF-STEM images for 480 

NGO/CGO[ESB/CGO]10 viewed along the [110] and [001] directions of the substrate from left to right, respectively. 481 

b. STEM-EELS compositional maps. For each sample, the leftmost image is the HAADF signal acquired 482 

simultaneously with the EELS measurement, followed by cerium M4,5 in red, erbium M4,5 in yellow, and neodymium 483 

M4,5 in green (colour code: Ce: red; Er: yellow, Nd: green). c. STEM-EDX compositional maps. 484 

Extended Data Figure 2 | Electrostriction Measurements a. Electrostrictive response of NGO/CGO/[ESB/CGO]7 485 

under an alternating electric field. The strain developed at the second harmonic of the applied electric field. b. Field-486 

induced stress as a function of the electrical field for NGO/CGO/[ESB/CGO]N measured at 1 Hz. The field-induced 487 

stress increases linearly with an increase in the squared electric field. No saturation was observed within the measured 488 

electric field range, regardless of the modulation length. The dash-dotted lines represent linear fittings of the measured 489 

results. 490 

Extended Data Figure 3 | Electrostriction measurements for heterostructures with different stacking sequences. 491 

Comparison of electrostriction coefficients for thick CGO films and bulk materials Multilayer* denotes 492 

NGO(100)/ESB/CGO/…/CGO, where ESB was deposited as the first layer. 493 

Extended Data Figure 4 | Fatigue measurements. Electromechanical response of NGO/CGO/[ESB/CGO]7 as a 494 

function of time. a. Electric field. b. Electromechanical stress in response to an electric field at 1 Hz c. 495 

Electromechanical stress as a function of the measured cycles at 1, 50, and 200 Hz. All measurements were performed 496 

by applying a sinusoidal electric field with a constant amplitude of 17.4 kV/cm. 497 
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Extended Data Figure 5 | Calculated field-induced strains in different directions. a. CGO20; b. ESB20; c. 498 

heterostructure (Λ = 2.33 nm). An electrical field was applied along the (100)-crystallographic direction. All lattice 499 

parameters were allowed to relax during the application of the electrical field. εxx, εxy, and εxz denote the strain developed 500 

along the X-, Y-, and Z-axis, respectively when the electric field is applied along with the X-axis. The Cartesian axes X, 501 

Y, and Z correspond to the (100), (01-1) and (011) crystallographic directions, respectively. Note that the lattices of 502 

CGO20, ESB20, and the heterostructure exhibit similar deformation in response to an electric field, that is, contract 503 

along the (100)-crystallographic direction and expand along with the (011) and (01-1)-crystallographic directions. 504 

Extended Data Figure 6 | Electrostriction as a function modulation length for heterostructures with different 505 

crystal structures. a. fluorite: CGO20/YSZ8; b. perovskite: SFTO10/BYZO10; c. garnet: GGMO10/LSFO10; d. 506 

spinel: MGMO10/ZAZO10. The chemical formula for YSZ8, SFTO10, BYZO10, GGMO10, LSFO10, MGMO10 and 507 

ZAZO10 are (Zr0.924+ Y0.083+ )O1.962− , Sr1.02+(Fe0.13+Ti0.94+)O2.952− , Ba1.02+(Y0.13+Zr0.94+)O2.952− , Gd3.03+(Ga4.53+Mg0.52+)O11.752− , 508 

(La2.53+Sr0.52+)Fe5.03+O11.752− , Mg1.02+(Ga1.83+Mg0.22+)O3.902− , Zn1.02+(Al1.83+Zn0.22+)O3.902− , respectively. The defects are generated at 509 

random within the heterostructures. The insets schematically show the unit cell of the ideal structure. All the lattice 510 

parameters are allowed to relax during the application of the electrical field. Note that the optimal modulation length 511 

yielding maximized electrostriction coefficient (Mxx) is material dependent. 512 

Extended Data Figure 7 | Ion distribution within the heterostructures. Radial distribution function of 513 

heterostructures as a function of modulation length (Λ). The first, second, and third peaks correspond to the cation–514 

anion, anion–anion, and cation–cation distances, respectively. No electric field was applied. 515 

Extended Data Figure 8 | Mechanism of elastic dipole and electric dipole formation. a. An ideal tetrahedron with 516 

cations having equivalent distances and three C2 symmetry axes present. Schematic illustration of the elastic dipole 517 
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formation resulting from tetrahedral deformation along the b. (100), c. (010), and d. (001) directions. The off-site 518 

displacements of the cations result in local-symmetry breaking. Note that replacing one of the ions with Gd will result 519 

in a structure with three variants that are equivalent to the distortion of Ceria without Gd.  520 

 521 

 522 



Extended Data Figure 1 | STEM analysis of the heterostructures. 
a. HAADF-STEM images for NGO/CGO[ESB/CGO]10 viewed along the 
[110] and [001] directions of the substrate from left to right, respectively. 
b. STEM-EELS compositional maps. For each sample, the leftmost 

image is the HAADF signal acquired simultaneously with the EELS 
measurement, followed by cerium M4,5 in red, erbium M4,5 in yellow, 
and neodymium M4,5 in green (colour code: Ce: red; Er: yellow, Nd: 
green). c. STEM-EDX compositional maps. 

 



Extended Data Figure 2 | Electrostriction Measurements a. 
Electrostrictive response of NGO/CGO/[ESB/CGO]7 under an 
alternating electric field. The strain developed at the second harmonic 
of the applied electric field. b. Field-induced stress as a function of the 
electrical field for NGO/CGO/[ESB/CGO]N measured at 1 Hz. The field-

induced stress increases linearly with an increase in the squared 
electric field. No saturation was observed within the measured electric 
field range, regardless of the modulation length. The dash-dotted lines 
represent linear fittings of the measured results.

 

Extended Data Figure 3 | Electrostriction measurements for 
heterostructures with different stacking sequences. Comparison 
of electrostriction coefficients for thick CGO films and bulk materials 

Multilayer* denotes NGO(100)/ESB/CGO/…/CGO, where ESB was 
deposited as the first layer.

 

 



Extended Data Figure 4 | Fatigue measurements. 
Electromechanical response of NGO/CGO/[ESB/CGO]7 as a function 
of time. a. Electric field. b. Electromechanical stress in response to an 
electric field at 1 Hz c. Electromechanical stress as a function of the 

measured cycles at 1, 50, and 200 Hz. All measurements were 
performed by applying a sinusoidal electric field with a constant 
amplitude of 17.4 kV/cm. 

 

 

 

 

 

 

 

   

 

 

 

 



 

 

Extended Data Figure 5 | Calculated field-induced strains in 
different directions. a. CGO20; b. ESB20; c. heterostructure (Λ = 
2.33 nm). An electrical field was applied along the (100)-
crystallographic direction. All lattice parameters were allowed to relax 
during the application of the electrical field. εxx, εxy, and εxz denote the 
strain developed along the X-, Y-, and Z-axis, respectively when the 

electric field is applied along with the X-axis. The Cartesian axes X, Y, 
and Z correspond to the (100), (01-1) and (011) crystallographic 
directions, respectively. Note that the lattices of CGO20, ESB20, and 
the heterostructure exhibit similar deformation in response to an 
electric field, that is, contract along the (100)-crystallographic direction 
and expand along with the (011) and (01-1)-crystallographic directions. 

 

Extended Data Figure 6 | Electrostriction as a function modulation 

length for heterostructures with different crystal structures. a. 

fluorite: CGO20/YSZ8; b. perovskite: SFTO10/BYZO10; c. garnet: 

GGMO10/LSFO10; d. spinel: MGMO10/ZAZO10. The chemical 

formula for YSZ8, SFTO10, BYZO10, GGMO10, LSFO10, MGMO10 

and ZAZO10 are (Zr0.924+ Y0.083+ )O1.962− , Sr1.02+(Fe0.13+Ti0.94+)O2.952− , 

Ba1.02+(Y0.13+Zr0.94+)O2.952− , Gd3.03+(Ga4.53+Mg0.52+)O11.752− , (La2.53+Sr0.52+)Fe5.03+O11.752− , 

Mg1.02+(Ga1.83+Mg0.22+)O3.902− , Zn1.02+(Al1.83+Zn0.22+)O3.902− , respectively. The defects 

are generated at random within the heterostructures. The insets 

schematically show the unit cell of the ideal structure. All the lattice 

parameters are allowed to relax during the application of the electrical 

field. Note that the optimal modulation length yielding maximized 

electrostriction coefficient (Mxx) is material dependent. 



 

  

 

Extended Data Figure 7 | Ion distribution within the 

heterostructures. Radial distribution function of heterostructures as a 

function of modulation length (Λ). The first, second, and third peaks 

correspond to the cation–anion, anion–anion, and cation–cation 

distances, respectively. No electric field was applied. 

 

Extended Data Figure 8 | Mechanism of elastic dipole and electric 

dipole formation. a. An ideal tetrahedron with cations having 

equivalent distances and three C2 symmetry axes present. Schematic 

illustration of the elastic dipole formation resulting from tetrahedral 

deformation along the b. (100), c. (010), and d. (001) directions. The 

off-site displacements of the cations result in local-symmetry breaking. 

Note that replacing one of the ions with Gd will result in a structure with 

three variants that are equivalent to the distortion of Ceria without Gd.  
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1. Cross-section analysis by HAADF-TEM 

 

Supplementary Fig. 1 | HAADF-TEM analysis along the cross-section of the heterostructures. a. Λ = 4.86 nm. b. Λ = 2.27 nm. c. Λ = 1.62 nm. 

Note that the in-plane lattice parameters of CGO/[ESB/CGO]N are constant along the cross-section of the heterostructures (blue data points). 

 

2. Free energy by atomic-scale simulations 

 

Supplementary Fig. 2| Helmholtz free energy as a function of modulation length and biaxial strain. a. Free energy (F) of heterostructure with 

a modulation length (Λ) of 2.33 nm. b. Free energy as a function of Λ for different biaxial strains (ε). The simulations were performed by fixing the 

in-plane lattice parameters, allowing the out-of-plane lattice parameters to change. 

Supplementary Fig. 2a shows the Helmholtz free energy (F) of heterostructure with a modulation length (Λ) of 2.33 

nm. The value of F increases with the increase of the biaxial strain. The calculated F for different strain values (without 

applying an electric field) exhibits a maximum as a function of Λ (Supplementary Fig. 2b), which can be attributed to 

the lattice distortions caused by the interfacial strain at the CGO/ESB interfaces. 
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3. Electrostriction measurement  

 

Supplementary Fig. 3 | Electrostriction measurement. a. Schematic illustration of the geometry of the cantilever. The displacement along the 

out-of-plane direction is measured as a function of time under an electric field. b. Schematic illustration of the deformation of the cantilever. The 

blue line denotes the curvature. c. Comparison of the displacements of bare NGO(100) substrate with NGO/CGO/[ESB/CGO]N as a function of 

electric field using the planar electrode configuration.  

Supplementary Fig. 3a schematically illustrates the geometry of the cantilever with a planar electrode configuration, 

with the two electrodes placed on top of the thin films in parallel. This configuration does not require the bottom 

electrode, thus facilitating the choice of a substrate with the desired lattice mismatch (and therefore, biaxial strain).38 

The displacements (Δd) that respond to the electric field at the free end of the cantilever (a1) were measured. This 

configuration yields the longitudinal electrostriction coefficient (i.e., M33).38 However, Mxx is used for ease of 

comparison with results taken from the literature. The distance (a) between the two electrodes was 0.46 mm, width 

(b) was 2.5 mm, and thickness of the NGO substrate was 0.1 mm.  

The induced curvature (Δk) is calculated using Δk= 2Δd/(a2).39 Subsequently, the in-plane stress is calculated using 

the well-known Stoney formula39 

∆𝜎 = 𝑌𝑠𝑢𝑏1 − 𝑣𝑠𝑢𝑏 𝑑𝑠𝑢𝑏26𝑡𝑓𝑖𝑙𝑚  ∆𝑘 1 

where Ysub is Young's modulus, νsub is the Poisson ratio, and dsub and dfilm are the thicknesses of the substrate and film, 

respectively.  
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Then, Mxx is obtained by linearly fitting the stress (Δσ) against the electric field squared by: 

 𝑀𝑥𝑥 = ∆𝜎𝐸2  · 𝑌𝑓𝑖𝑙𝑚                                                                                       2 

where Yfilm is the Young's modulus of the heterostructures, which is taken to be the weighted average of CGO and 

ESB. The Young's modulus (Poisson ration) for NGO, CGO and ESB are 200.97(0.29)40, 200(0.33)41, and 72.8(0.39)42, 

respectively. 

For NGO/CGO/[ESB/CGO]7, the maximum displacement is 38.4 nm under the highest electric field (V/a = 17.4 

kV/cm) at 1 Hz. This configuration yields a deformation of Δdmax/a = 38.4 nm/0.46 mm = 8.35×10–5 << 1% 

(Supplementary Fig. 3b), corresponding to an angle change of 0.00478295°; such a small angle change indicates that 

the "bending" of the cantilever can be neglected. Supplementary Fig. 3c shows the displacements of the bare NGO(100) 

substrate with the planar electrode configuration; the NGO was not electrostrictive-active. Thus, the contributions 

associated with high electric fields, such as polarisation or electrostatic forces (i.e., Maxwell stress tensor), can be 

neglected. This assumption is consistent with the results of Fig. 1c discussed in the main text with the same planar 

electrode configuration, Mxx increases by approximately two orders of magnitude from NGO/CGO to 

NGO/CGO/[ESB/CGO]7, which suggests that the variation of the thin film dominates the electromechanical response. 
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4. Electric field distribution by finite element simulations  

 

Supplementary Fig. 4 | Electric field distribution by finite element simulations. a. Distribution of the X- and Y-components of the electric field 

(Ex and Ey) in the electrostrictive cantilever and NGO substrate when an electrostatic potential of V = 100 V is applied. b Average of the electric 

field and squared electric field as a function of the dielectric constant of the thin film. The average is calculated in the 0.46 mm × 38 nm region of 

the electrostrictive film between the electrodes and compared to the naïve prediction where Ex = V/a. Note that the dielectric displacement field is 

channelled by the high dielectric constant materials, i.e., CGO.  

Finite element modelling (FEM) was performed to account for the electric field distribution, according to the 

procedure described by Nigon et al.38. Here, the electric field distribution was calculated using a 2D model of the 

cantilever geometry in Supplementary Fig. 3a. A grounded electrode and a biased electrode were placed on top of the 

thin film deposited on the NGO substrate. The cantilever was further surrounded by air at the top and bottom. The 

deposited superlattice was modelled as a single dielectric layer. A custom mesh was created to account for the high 

aspect ratio of the thin films. The average electric field in the thin film was invariant to its thickness in the probed 

range (38 ≤ dfilm ≤ 80 nm). The electric field distribution is shown in Supplementary Fig. 4a; Ex is the dominant 

component in the film, which is consistent with previous studies.38, 43. The electric field was fairly constant in the 

majority of the electrostrictor (Ex = 0 below the electrodes and Ex ~ V/a between the electrodes), with the only 

significant inhomogeneities observed close to the edge of the electrodes; Ex increased from 0 below the electrodes, 

encountered a peak, and decreased to a constant value. The average of Ex and Ex
2 as a function of the dielectric constant 

of the electrostrictor is shown in Supplementary Fig. 4b. For all probed dielectric constants, the average Ex can be 

approximated well by Ex ≈ V/a. However, for low dielectric constants, the peak in Ex close to the electrode edge 

increases, increasing the average of Ex
2. However, the thinner the film with respect to the electrode distance, the lower 
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the impact of the region close to the electrode. The geometry and high dielectric constant of the electrostrictive 

heterostructure used here ensure that Ex ≈ V/a and Ex
2 ≈ (V/a)2 are fair approximations and are used in the following 

for convenience. 
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5. Atomic-scale simulations 

Supplementary Fig. 5 | Potential parameters and ground-state structural properties. a. Table showing the short-range Buckingham potential 

parameters. More details about the potential parameters for other systems shown in Extended Data Figure 6 were taken from refs. 46 and 47. b, c, 

and d, comparison of calculated and experimental lattice parameters for xGd2O3-(1–x)CeO2 (b), xEr2O3-(1–x)Bi2O3 (c), and xBi2O3-(1–x)CeO2 (d). 

The maximum difference between the calculated values and experimental values is ~0.4% for xGd2O3-(1–x)CeO2 and ~0.6% for xBi2O3-(1–x)CeO2. 

The lattice parameters for xGd2O3-(1–x)CeO2 were taken from refs 48, 49. The lattice parameters for Bi2O3, Er2O3 and Er0.8Bi1.2O3 were taken from 

Ref 50, 51, and 52. The lattice parameters for xBi2O3-(1-x)CeO2 were taken from Ref 53 (open circles).  

The Buckingham potential parameters for ceria employed in the current study were developed by Minervini et al.44 

They have already been validated extensively and can describe the lattice parameter, elastic constants, thermal 

expansion coefficient, heat capacity, defect formation energies, and defect-dislocation interactions.45 

The potential parameters are adequate to model the nonlinear variation of the CGO lattice parameter as a function of 

the dopant concentration (Supplementary Fig. 5b). Supplementary Fig. 5c and d further show that the calculated lattice 
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parameters of xBi2O3–(1–x)Er2O3 and xBi2O3–(1–x)CeO2 are consistent with previous experimental results for δ-Bi2O3, 

Er2O3, and their solid solutions.48-53 The pressure is maintained at 1.01325 bar to simulate such solid solutions.  

The steps for the molecular dynamics simulations are listed below. 1) Construct the (100) × (01̅1) × (011)-orientated 

heterostructures with various modulation lengths; 2) introduce the dopants and oxygen vacancies at random; 3) apply 

biaxial strains by adjusting the in-plane lattice parameters to specific values; 4) equilibrate at 2400 K for 600 ps, 

followed by another equilibration at 300 K for 300 ps; 5) turn on the electrical field along the (100)-crystallographic 

direction at 300 K and extract the optimised structures after 100 ps.  

Large supercells were used to account for the various possible distributions of the point defects within the 

heterostructures: 10 × 8√2 × 24√2 (41472 atoms) and 16 × 12√2 × 12√2 (49768 atoms) were used to model the 

interlayer interaction (Fig. 3) and the electrostriction coefficient (Fig. 4b), respectively. The position of the cationic 

planes was determined by averaging the position of the cations within each layer, based on which cationic interplanar 

distance (dC) was calculated. The chemical formulae were Ce6144Gd1536O14592/Bi6144Er1536O11520, and 

Ce7376Gd1840O17512/Bi7376Er1840O13824, corresponding to the experimental compositions of Ce0.8Gd0.2O1.9 and 

Er0.4Bi1.6O3, respectively. Thus, various distributions of defects and their responses to the electric field were included 

in the model and were captured by the generated dipoles. The pressure was maintained at 0.0 bar for the simulation of 

heterostructures. 
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6. Phenomenological simulations.  

To evaluate the effect of the volumetric strain observed experimentally, we investigate the electrostriction as a function 

of volumetric strain (∆V/V) by considering a model based on the energy of elastic and electric dipoles. This model 

considers an ensemble of elastic dipoles, where the elastic dipole moment is rigidly connected to an electric dipole. 

We assume that the elastic-electric dipole interacts with an initial strain field and external electric field by changing 

its orientation in space. The equilibrium orientation is the one that minimises the sum of the elastic and electric 

interaction energies. 

We denote the electric dipole vector and elastic dipole tensor by 𝒑 and Σ̿, respectively, and their components by 𝑝𝑗 

and Σ𝑖𝑗 , respectively. We assume that the electric and elastic dipoles rotate together. This assumption is consistent 

with the recent analysis of electrical and electrical dipoles formation in oxygen defective cerium oxide proposed by 

Das et al.29 Denoting the components of the rotation matrix as 𝑅𝑖𝑗, we have: 

{  𝑝′𝑖 = 𝑅𝑖𝑗𝑝𝑗                                                                                                               Σ′𝑖𝑗 = 𝑅𝑖𝑘𝑅𝑗ℎΣ𝑘ℎ                                                                                                   3 

where the Einstein summation convention is adopted. The rotation is parametrised by three angles, {𝛼1, 𝛼2, 𝛼3}, for 

example, the Euler angles. We minimise the total energy of the system with respect to these angles. The total energy 

is 𝐸total = 𝐸elastic + 𝐸electric                                                                                      4 

where 𝐸elastic and 𝐸electric are the elastic and electric contributions, respectively. 

Written in terms of their components, the interaction energy between the elastic point dipole Σ′𝑖𝑗  and the strain field ε𝑖𝑗 is:54 𝐸elastic = −Σ′𝑖𝑗ε𝑖𝑗                                                                                                 5 

Likewise, the interaction energy between the electric point-dipole 𝑝′𝑖  and the external electric field 𝐸𝑖 is: 𝐸electric = −𝑝′𝑖𝐸𝑖                                                                                                6 

The dipoles will assume the orientation associated with the minimum total energy, which corresponds to minimising 𝐸total with respect to the angles {𝛼1, 𝛼2, 𝛼3}. This configuration is illustrated in Supplementary Figure 6.  
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Supplementary information Fig. 6 | Schematic illustration of the coupling between electric and elastic dipoles. The symbols, Σ̿, p, ε̿, and E 

denote elastic dipole, electric dipole, strain field and electric field, respectively. Note that the external electric field polarises the electric dipole. 

The reorientation of the electric dipole is accompanied by the reorientation of the elastic dipole, which generates field-induced strain. 

 

We thus obtain the electric dipole 𝒑eq  and elastic dipole Σ̿eq  corresponding to the minimum energy equilibrium 

orientation. We then consider the average electric polarisation 𝑷 and average mechanical stress 𝜎 associated with the 

electric-elastic dipoles: 

{𝑷 = 𝜌dipoles 𝒑eq𝜎 = 𝜌dipoles Σ̿eq                                                                                                7 

where 𝜌dipoles is the volume density of dipoles (i.e. number of dipoles per unit volume). We now compute the electric 

susceptibility tensor 𝜒̿ from the relation  𝑷 = 𝜖0𝜒̿𝑬                                                                                                       8                      

where 𝜖0 denotes the vacuum permittivity. Here, since the electric field 𝑬 has been applied along the 𝑥 direction, we 

will obtain the first column of 𝜒̿ (which is a symmetric tensor). In order to obtain the electrostrictive coefficients from 𝜒̿ and 𝜎, we need to apply the following relation55, 56: 

𝑀𝑖𝑗𝑘𝑙 = (𝜖02 ) (𝑑𝜒𝑖𝑗𝑑𝜎𝑘𝑙)𝐸                                                                                            9 

where the subscript E indicates that the derivative must be evaluated for constant electric field E. To apply the previous 

equation, we must evaluate the relation between stress and electrical susceptibility while varying the relative strength 

between the elastic and electric interaction. Therefore, we evaluate the variation of 𝜒̿ and 𝜎 by performing a re-scaling 

by a factor 𝛾 of the original elastic dipole given as input: Σ̿ ⟶ 𝛾Σ̿                                                                                                         10 
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This re-scaling corresponds to changing the strength of the elastic dipole. We now repeat the same procedure for 

calculating 𝜒̿ and 𝜎. Since the elastic energy is proportional to 𝛾, the re-scaling changes the trade-off between the 

elastic and electric energy, therefore changing the solution. In this way, we obtain the following solutions as a function 

of 𝛾: 𝜒̿ = 𝜒̿(𝛾) and 𝜎 = 𝜎(𝛾)                                                                                  11 

From the resulting curve 𝜒𝑥𝑥(𝜎𝑥𝑥) we consider the limit for which the electrical interaction is dominating, i.e. 𝛾 ⟶ 0, 

and evaluate the derivative in this limit. Since we are interested in the coefficient 𝑀𝑥𝑥𝑥𝑥 , we will use the following 

relation: 

              

𝑀𝑥𝑥𝑥𝑥 = (𝜖02 ) (𝑑𝜒𝑥𝑥𝑑𝜎𝑥𝑥 )𝐸                                                                                         11 

The electrostrictive coefficient 𝑀𝑥𝑥𝑥𝑥 (shortened as Mxx) is then calculated in this way for different values of the out 

of plane strain 𝜀𝑧𝑧, corresponding to different values of the volumetric strain (∆V/V) to generate a relation between 

Mxx and (∆V/V). 

As indicated in ref 29, we assume the following expression for the elastic dipole tensor: 

Σ̿ =  (−9.633 0.001 0.0010.001 −9.633 1.7340.001 1.734 −9.633) 

Moreover, we assume the following inputs: 

ε̿ = (1% 0 00 1% 00 0 𝜀𝑧𝑧) ; 𝑬 = (100) ;  𝒑 = 10−5 (020) ;   
The resulting curve of the electrostrictive coefficient Mxx as a function of V/V is shown in Fig. 4a 

It is important to stress that when the density of defects is sufficiently low (as it is in the case considered here), it is a 

justifiable assumption to consider the dipoles as independent. Instead, when the density of defects is high, it is 

necessary also to include the dipole-dipole nearest-neighbour interaction terms. The elastic and electric nearest-

neighbour interaction energies have a form analogous to that of the Ising/Heisenberg model, and they can be expressed 

as: 

𝐸𝑒𝑙𝑎𝑠𝑡𝑖𝑐−𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =  𝐽𝑒𝑙𝑎𝑠𝑡𝑖𝑐 ∑ Σ𝑖𝑗ℎ  Σ𝑖𝑗𝑘〈ℎ,𝑘〉                                                                      13 
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𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐−𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 =  𝐽𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 ∑ p𝑖ℎ p𝑖𝑘〈ℎ,𝑘〉                                                                   14 

Here 𝐽𝑒𝑙𝑎𝑠𝑡𝑖𝑐  and 𝐽𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 are the interaction strengths coefficients, the superscript indexes h and k indicate specific 

dipole locations in the lattice, and the notation 〈ℎ, 𝑘〉 indicates that the summation only runs among nearest-neighbour 

dipoles. Depending on the signs of 𝐽𝑒𝑙𝑎𝑠𝑡𝑖𝑐  and 𝐽𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 , these interaction terms promote aligned or anti-aligned 

configurations.  

However, our simple non-interacting dipoles model can produce results that agree with the trend observed 

experimentally and provide an intuitive explanation for the mechanism behind the enhanced electrostriction. Hence, 

we decided not to include these terms in our calculations, which is a realistic assumption given the low spatial density 

of defects. 
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