
Extended Data Figure 1 | STEM analysis of the heterostructures. 
a. STEM-HAADF images for NGO/CGO[ESB/CGO]10 viewed along 
with different directions. b. STEM-EELS compositional maps. For each 
sample, the leftmost image is HAADF signal acquired simultaneously 

to the EELS measurement, followed by Cerium M4,5 in red, Erbium M4,5 
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. 
Electromechanical stress as a function of the electrical field for 
NGO/CGO/[ESB/CGO]N measured at 1 Hz. The field-induced stress 
increases significantly with the increase of the electrical field. No 

saturation was observed within the measured electric field range, 
regardless of the modulation length. The dash-dotted lines are 
parabolic fittings to the measured results. 

 
Extended Data Figure 3 | Electrostriction measurements for 
heterostructures with different stacking sequence. Comparison of 
electrostriction coefficient with thick CGO films and bulk materials. N = 
7* denotes NGO(100)/ESB/CGO/…/CGO, where ESB was deposited 
as the first layer. Its relatively low electrostriction coefficient suggests 

that the heterostructures collapse when depositing ESB first on NGO. 
This effect highlights the importance of the stacking sequence of CGO 
and ESB. The electrostriction coefficient for bulk CGO was taken from 
ref 26.

 

 

 



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 the 

electric field at 1 Hz. c. Electromechanical stress as a function of 
measured cycles at 1, 50 and 200 Hz. All the measurement are 
performed under a constant electrical field, i.e., 17.4 kV/cm. 



 

Extended Data Figure 5 | Field-induced strains along differerent 
directions. a. CGO20; b. ESB20; c. Heterostructures with a 
modulation length of 1.17 nm. The electrical field is applied along the 
(100)-crystallographic direction. All the lattice parameters are allowed 
to relax during the application of the electrical field. εxx, εxy, and εxz, 

denotes the strain developed along x-, y- and z-axis when the electric 
field is applied along the x-axis. The cartesian axises x, y and z 
correspond to the (100), (01-1) and (011) crystallographic directions, 
respectively.  

 

Extended Data Figure 6 | Schematic illustration of the electric dipole induced by defects.  a. CeO2 with two Gd!"#  and one charge compensating 
oxygen vacancy (V$••); b. δ-Bi2O3 with two oxygen vacancies along the [111]-direction; c and d show the corresponding dipole moment induced by the 
defects in a and b, respectively.  The dipoles are parallel to the vector pointing from the negative charge centre to the positive charge centre. 

 


