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Cantilever and calculation (M11 and M12):

The electro-mechanical characterization is carried out by the cantilever vibration method with planar 

electrodes. Fig. S1 shows the schematics of the beam geometry with a long size of X= 5 mm and width 

Y= 2.5 mm. The overall thickness is 100 μm. One side of the beam is glued to a base, while the other 

end is free to move. Two gold electrodes are placed at the top surface and have a size of ≈ 1 x 1 mm2.

When an electric field is applied to the electrodes, the cantilever vibrates as a result of the 

electrostriction properties of the CGO films. In particular, the planar electrodes configuration allows to 

trigger the in-plane electrostriction effect along both longitudinal (i.e. M11) and transverse (M12) 

electrostriction directions. Nigon et al. showed that for planar electrode configuration the effective 

electric field is reduced in the film: E= V/[(x0 - x1)+Δa], where (x0 - x1) is the gap between electrodes 
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(500 μm) and Δa is a factor that depends on the film thickness: Δa= 1.324·tf [1]. Since in our case Δa 

<< (x0 - x1), we can neglect this correction. Moreover, we consider the area of the film under the 

electrodes to be passive as there the electric field is strongly reduced [1,2]. Nguyen et al. examined the 

substrate contribution in planar electrodes configuration [2]. They showed that the electric field is high 

only in the film, and the wafer effect is noticeable only if a bottom electrode is introduced. The applied 

electric field is considered constant along the vertical direction as the thickness of the sample is low 

compared to the in-plane size of the sample. This formalism is widely accepted, and the approximation 

is supported by in planar impedance spectroscopy experiments [3–6].

Fig. S1 shows the geometrical factor of the cantilever and the gap between the two electrodes (500 

μm), reported as x0 - x1. x0 is defined as 0 by experimental design. As the only electroactive part of the 

film is the gap, the vertical oscillation d is measured at x1. In order to calculate the longitudinal 

electrostriction coefficient (M11), the displacement is measured in a fixed position with different 

electric fields (d vs E). Then, the curvature  is calculated from:Δ𝑘

𝑑(𝑥1) =
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For the shear electrostriction coefficient M12, the vertical displacement is measured along the sample 

width (Y-scan). A second-order polynomial fit is used to obtain the trend. The curvature of the 

parabolic profile of the displacement is then calculated with the equation:

Δ𝑘 =
2𝑎

(1 + (2𝑎𝑦 + 𝑏)2)
3

2

 #𝑆2



Considering d = ay2+by+c, with z vertical displacement and y width position. The lowest curvature 

radius in the parabola is considered.

Fig. S1.  Cantilever beam geometry and operation. a) Schematic of the samples. The vertical displacement d is measured 

while applying a voltage to the planar gold electrodes. M11 is calculated measuring d while increasing the electric field, M12 

is calculated by shear scans along the width of the sample (Y-scan). b) Deformation map of CGO film, for 16 kV/cm 

applied field with 1 Hz frequency. The distortion takes place both along the length (X-scan) and the width (Y-scan). 

The in-plane stress is evaluated with the Stoney formula [7–10].
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Where Ys and νs are Young’s modulus and the Poisson ratio of the substrate and ts and tf are the 

thickness of the substrate and film, respectively. We considered Y= 230 GPa and ν= 0.31 for YSZ [11–

13], Y= 270 GPa and ν= 0.33 for STO [14–17] and Y= 200 GPa and ν= 0.29 for NGO [17,18]. The 



Stoney formula is used to calculate in-plane stress in films deposited on a thick substrate so it does not 

differ in planar electrode configuration. 

The value of M is obtained using a linear fit of stress versus the squared field, following the equation:

𝑀 =  
∆𝜎

𝐸2 ·𝑌
#𝑆4

Where Y is Young´s modulus of CGO, assumed the bulk elastic constant Y= 200 GPa as reported in 

literature also in the case of thin films [8,10,12,19,20]. 

In order to exclude the thermal contribution to the oscillation, an Optris PI thermal camera with a 

sensitivity of 0.1 mK is used to detect potential temperature differences. However, no heating is 

observed. We use the current monitor of the Trek voltage amplifier during the application of the 

electric field. The current is always below the resolution of the instrument (< 3μA). High electric fields 

can cause other effects such as polarization or electrostatic force (i.e. Maxwell stress tensor), so the 

bare substrates were also characterized by the same method, followed by subtraction of their 

contributions (Fig. S7-8-9).

Lock-in amplifier measurements:

In our setup, the lock-in amplifier is connected to a USB data acquisition (DAQ) device. A Labview 

program has been made to control and manage the data. Then, the signal is converted from mV to nm 

by the instrument’s conversion factor reported in the datasheet provided by the manufacturer. As a 

result, the precision of the measurements was improved significantly. However, accuracy is frequency-

dependent. For signals with f <3 Hz or f > 100 Hz, the achieved resolution goes down to 0.2 nm, 



allowing the detection of rather small oscillations. To detect electrostriction oscillation, we chose 

frequency to be twice the frequency of the applied field. Fig. S2 shows the measurement performed on 

a CGO/YSZ sample for voltages from 0 to 3 V. The magnitude of the oscillation at the selected 

frequency is measured continuously and displayed as a function of time. The sampling frequency is 

usually between 100 to 1000 Hz, and the measurement time is 5 minutes. The values measured (100 

values/sec for 5 minutes) are averaged to obtain an accurate evaluation of oscillation. The raw amplifier 

output is in mV, and it is converted to displacement by conversion factors characteristic of the 

instrument model. The implementation of a lock-in amplifier brings several improvements to the setup 

besides increasing the resolution. The external drift is cancelled from the analysis automatically 

because it is a static effect. However, this process is sensible to only one frequency per measurement. 

Therefore, one-time events, static contribution, or double harmonic oscillations are not detectable with 

this technique.



Fig. S2: Measurement of 1 Hz oscillation amplitude of CGO/YSZ with increasing voltages (at 0.5 Hz) 

performed with the lock-in amplifier. The displacement values refer to the contribution of 1 Hz 

oscillation. The frequency chosen is double the electric field frequency because electrostriction 

vibration depends on the second harmonic.



Fig. S3: Schematic of the setup with this work new add-ons. The sample sketch includes the substrate 

(blue), film (green) and electrodes (yellow).

Substrate-film geometry and electrodes configuration:

To apply electric field along a chosen in-plane direction, we need to place the electrodes on the surface, 

parallel to it. By changing the geometry of the top electrodes, we can choose in which direction to 

apply the electric field, without growing samples with different orientation.  Fig. S4 shows the 

geometry of a CeO2 cell on top (100) plane of an NGO substrate (grey). The (100) plane of the 

pseudocubic NGO cell match (dotted line) with CGO cell along (111) direction, resulting in (111) 

vertical orientation and in-plane [0-11] and [-211] orthogonal directions. Therefore, we applied the 

surface electrodes in two configurations: one along [0-11] direction (black dashed arrow in figure S4) 

and one along [-211] (red dashed arrow). Fig. S5 shows the geometry of a CeO2 cell on top (100) plane 



of an STO substrate (grey). For CGO100/STO100, only one configuration along the [011] direction was 

used. Fig. S6 shows the geometry of a CeO2 cell on top (110) plane of a YSZ substrate (grey). In this 

sample, we used one configuration along the [001] crystal direction (black dashed arrow) and one 

diagonal along the [-223] direction (red dashed arrow) by placing the electrodes with an angle of ≈45°.

Fig. S4: Top view of CeO2 cell on NGO (100) plane (grey). The NGO pseudocubic cell is highlighted 

by the dashed rectangle. The grey and black arrows report the orientation of NGO and CGO, 

respectively. Electrodes configuration 1: configuration of the electrodes to excite the crystal along [0-

11] direction, depicted by the black dashed line. Electrodes configuration 2: configuration of the 

electrodes for [-211] direction, represented by the red dashed line.



Fig. S5: Top view of CeO2 cell on STO(100) plane (grey). The grey and black arrows report the 

orientation of STO and CGO, respectively. CGO film grows 45° tilted respect to the substrate.

Fig. S6: Top view of CeO2 cell on YSZ (110) plane (gray). The grey and black arrows report the 

orientation of YSZ and CGO, respectively. Electrodes configuration 1: configuration of the electrodes 

to excite the crystal along [001] direction, depicted by the black dashed line. Electrodes configuration 

2: configuration of the electrodes for [-223] direction, represented by the red dashed line.



Substrate characterization:

In order to exclude side effects of YSZ STO and NGO, the substrates were characterized alone, with 

Au gold electrodes and the method described in the paper. The values of stress, displacement and 

electrostriction coefficient reported in the article are all reported after subtracted the substrate 

contribution. The values indicating the substrate contributions were obtained by fitting the 

displacement vs E squared and calculating the slope of the line. This value was subtracted to the slope 

of the strain in samples with films; then it was converted in stress vs E squared, that is the 

electrostriction coefficient. No current was detected above the DAQ 6001 resolution ≈ 3 μA.

Fig. S7: Displacement of NGO(100) substrate for 1 Hz electric field. No contribute was considered as 

NGO did not show any response to the electric field.



Fig. S8: Displacement of STO(100) substrate for 1 Hz electric field. It contributes to the 

CGO(100)/STO(100) oscillation by 10%.

Fig. S9: Displacement of YSZ(110) substrates for 1 Hz electric field. The displacement of YSZ alone 
represents about 50% of the total displacement of the CGO(110)/YSZ(110) sample.
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