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Materials and Methods

Film deposition: CGO (thickness of ~1.25 — ~1.80 um) and YSZ (thickness of ~0.3 um) films
were deposited at room temperature by using an RF magnetron sputtering (RF power: 200W, Ar
gas flow: 15 sccm, and working pressure: 1 - 2 x 102 mbar) and a pulsed laser deposition (a 248
nm KrF Excimer laser, laser fluence: ~2 J/cm?, repetition rate: 3 Hz, and working pressure: ~1 x
10® mbar). CGO (Gd: 20 %) and YSZ (Y: 8 %) ceramic targets were used for film deposition.
Bottom Al electrodes (100 - 150 nm) on SiO2 (200 nm)/Si(100) substrates were deposited using a
DC sputter prior to film deposition, and top electrodes, Pt/Cr (Pt: ~100 nm and Cr: 10 nm) and Al
(~150 nm), were deposited after film deposition. Microstructural properties, crystal structure, and
elemental composition of the deposited polycrystalline films were determined by X-ray
diffractometer (Bruker D8 advanced x-ray diffractometer, x-ray wavelength: A = 1.54056 A),
atomic force microscopy (Cypher VRS), transmission electron microscopy (Double Cs-corrected
ThermoFisher Scientific Titan Themis 60-300), and energy dispersive x-ray spectroscopy (EDX)
performed at 200kV in the ThermoFisher Scientific Osiris microscope equipped with a Super-X
detector at the EMAT laboratory. In the chemical analysis of the sputtered CGO films, Cr
impurities of < 5 % were observed (error range of 1 - 2 %). To clarify the influence of such an
impurity effect on the electromechanical properties of CGO, we deposited ~350 nm-thick CGO
films on the same Al (100 nm)/SiO2/Si substrates at RT using a pulsed laser deposition (PLD)
technique. We confirm the large induced piezoelectric effect in the PLD-deposited CGO films
without Cr/other impurities. Note that Cr*3 and other acceptor dopants would, like Gd, create Vo
in the film. (Fig. S15).

Electromechanical characterizations: Electric field-mechanical displacement responses of the
films were recorded by implementing an advanced linear variable differential transformer (LVDT)
and fiber-optic measurements. The LVDT sensor consists of a stationary element (including a
primary magnetic coil, secondary coils symmetrically spaced with respect to the primary coil, and
a movable core). Flat and hemispherical sample stages were electrically grounded. The LVDT
sensor was equipped with two commercial lock-in amplifiers (SR830 DSP), a voltage source meter
(Stanford Research System, Model No. DS360), and a voltage amplifier (Trek, Model No. 609c-
6). The voltage source meter was used to apply AC voltages or combined AC & DC voltages to
the samples. The two lock-in amplifiers are separately connected to drive LVDT and to measure
output signal amplitudes (and an oscilloscope is used to display output signals). The output signals
were converted to mechanical displacement via the calibrated instrument sensitivity (1.55 x 10
m/V). In the photonic sensing system (MTI-2100 Fotonic Sensor), samples were mounted on an
alignment stage and displacements were measured from the reflective sample surface (grounded
top electrode) in noncontact mode. Electric voltage was applied to the bottom electrode, connected
with a lock-in amplifier and a voltage source meter. Photonic sensor has a linear voltage response
to a change of sample -sensor distance. The effective probe area is approximately 0.79 mm? and
an instrument sensitivity was 7.565 x 10 m/V. During displacement measurements in both of the
above systems, all of the real-time output amplitude signals were concurrently recorded by using
an oscilloscope (Tektronix, MDO3014). Prior to sample measurements, external instrument offset
voltages, electrical noise, and instrumental sensitivity were corrected and confirmed by measuring
reference samples, e.g. standard quartz crystal and PZT samples, in both of the systems.



Supplementary Text
Section 1: Determination of harmonic electromechanical susceptibility.
In this work, the first harmonic electromechanical strain (x33) and piezoelectric
susceptibility (ds3) of the samples in out-of-plane capacitor geometry were defined as:
X33 = AL/L = d33E;, (1.1)
where AL is the electromechanical displacement along film thickness, L, and Es is the applied
electric field. The d33 is calculated as:
dss = AL/Vip = [Vouel/Vin, (1-2)
where V,,; is the measured displacement amplitude in volt, & is the instrument sensitivity (1.55 x
10 m/V and 7.565 x 10 m/V for LVDT and photonic sensing system, respectively), and V;, is
the applied electric voltage amplitude. The piezoelectric coefficient of the first harmonic is
expressed by V,,: and phase lag, ¢, in a function of applied frequency, f:

fVoute( wt=9) Vout —1 _ out
dys = = —or— = e = £ 24 (cosg — i+ sing),
Vin

where w = 27tf is the angular frequency, t is tlme and ¢ is the phase delay of the output response
with respect to the applied AC electric field.

For the electrostrictive response of the samples, the second harmonic electromechanical
susceptibility, Mas (m?/V2), of the samples in the out-of-plane capacitor geometry were determined
as

(1.3)

X33 = AL/L = 1{33E§, (14)
LVou
Mss = V; . (1.5)

The induced second-order electromechanical displacements in time is expressed by a function:

AL = M33 Ms3Vinf g2 (wt — ). (1.6)
AL = M33V‘"f[ — —cos(Zwt — 2<p)] @7

Thus, a pure second-harmonic displacement in time is:
M33 mf (18)

AL = cos(2wt — 2¢).

For clamped thin films, the thickness strain x5 is given by the modified M coefficients:

2531 (1.9)

X33 = [M33 — —————— M, ]EZ,
33 = [M33 G + 550 31]E3

where s;; are components of the elastic compliance tensor of the film and Mas1 transverse
electrostrictive coefficient. For simplicity and without a loss of generality, eqg. (1.4) is used in this
work, with Mazs representing both contributions between the brackets of eq. (1.9), i.e. the effective
M3s.

Section 2: Capacitance measurements for the CGO samples
The charge density, D (C/cm?) was determined from the capacitance C of the sample, as measured
in a series RC circuit. The impedance Z of the circuit was excited by an AC voltage Ve't and

the following relations are used for calculation:
vV =127, (2.1)
Z = Roy + 1/(iwC), (2.2)



where | is the current, and R,, is the external resistance (10 - 100 Q) of the series circuit. By
substituting eq. (2.1) to eq. (2.2), the output voltage (V) of the circuit is obtained when a voltage
(Vi) is applied as:

Vout = Rex] = VinRex/[Rex +1/(iwC)]. (2.3)
Introducing a condition of R, << 1/(wC) (see Fig. S3b), the capacitance of the RC circuit can be
expressed by

C= Vout/(VinRexi(‘))- (24)
The capacitance of the samples is described by
C = M, (2.9)

L
where &, €., and A are the vacuum permittivity and the relative permittivity of the materials, and
the measured electrode area, respectively. The total charge density of sample is obtained by
combining egs. (2.4) and (2.5):
D = gy .E = CVip/A. (2.6)

Section 3: Electric field-enhanced ionic defect dynamics and dielectric permittivity

The electric field-induced electrostrictive strain, x, can be expressed as x = ME?. The
polarization (P) of the material is induced by the applied E and can be given as P = ¢E.
Combining the field-induced electrostriction and polarization, the polarization-induced
electrostrictive strain can be defined as x = QP? (17).

In the relation M;jn, = QijkiExm&m it Was found that the dielectric constants &, of
electrostrictive materials, such as, e.g., (0.9)PMN-(0.1)PT, are nonlinear and staturate with applied
electric fields. This indicates that M is not constant when ¢ is field-dependent and dispersive. Such
a dependence is indeed observed in this work. Theoretical considerations as well as experiments
show that Q o 1/¢ and thus M « & . The well-known strong (inorganic) electrostrictive materials

do not excel because of a large electrostrictive coefficient Q, but because of a large polarizability.
The polarization, induced by an electric field is large, which implies that the derivative ¢;; = Z—;}f,
i.e., the dielectric response, may also be large. In order to address the origin of large electro-
mechanical properties of CGO (e.g., giant electrostriction and piezoelectricity), it is therefore
primordial to indentify the origin of large permittivity and large induced polarization.

CGO has a cubic flourite structure (space group: Fm-3m) at room temperature and it cannot
intrinscially exhibit a spontaneous polarization. The doped ceria, however, has many unit cells
with broken symmetry because of the dopants (20 % Gd on cerium sites), the compensating oxygen
vacancies (5 % of oxygen sites), and additional oxygen vacancies (y) which stem from a reducing
processing step in the material synthesis (14). It is believed that the liberated electrons are not
entirely free, but some are trapped into the 4f states of Ce3*. The complete formula thus must be
written in the Kroger-Vink notation as Cegg_zyCe;,(Gdce)o2019-y([V5 )o.14+y. The oxygen
vacancies are mobile and the activation energy of their hoppings is about 0.45 — 0.70 eV in
undoped CeO.x., stronlgy dependent on atmospheric conditons and microstructure (19, 27-30).
This value increases to 0.75 eV in ceria doped with 20 % Gd as the V;;* are “trapped” close to the
Gd point defects (14). In addition, the dopants obstruct the easy path in the “oxygen channels”
due to their larger size. By charge neutrality, there are twice as many Gd point defects as Vo*2.
The vacancies obtained by reduction can be trapped by Ce*® up to another 5 % of oxygen sites.

By introducing 20 % Gd into Ce sites, almost every unit cell (u.c.) has an oxygen defect
(Vo density of 2.52 x 102 cm®). It was found that, in thermal equilibrium (low temperatures below
600 °C), the preferred site of an oxygen vacancy is the next-next neighbour (n.n.n) site of Gd (19,



27). If Gd is placed in the coordinate (0,0,0) as in standard unit cell definition, the next oxygen
sites are <1/4, 1/4, 1/4>. The n.n.n site are obtained by a basic translation of the fcc lattice, such
as (1/2, 1/2, 0) yielding <1/4, 1/4, 3/4>. This next-next neighbor distance, d, is 4.48 A [= 5.4179
A (abui) % 0.829] in CGO (Gd 20 %). Assuming that most vacancies are in such positions, we can
identify a high density of dipoles, qd, where the charge, g, is one unit charge, e. Defining the
average concentration, c, of Gd sites per unit cell to be 0.8 (4 cations per u.c. x 0.2), we obtain a
potential total polarization, Ps, as:

c
P =zaqd = 0.18 C/m’ C)

The orientation of this polarization is not stable and thus must be forced by an external
field (Eoc). The reorientation of the polarization is effectuated by oxygen ion hopping. The basic
polarization reorientation mechanism is based on one or several hops of oxygen vacancies, which
require an activation energy of ¢ = 0.32 to 0.75 eV depending on the distance to the next Gd as
shown in Fig. S10 (19). Typically, we treat this hopping as an ordinary diffusion process in a weak
electric field. In the experiements carried out here, the applied large clamping fields are not weak,
one has to evaluate the jumping probabilities. We emphasize the possibility explicitely for both
directions and/or against the electric field:

W(+) = e—¢>/kTe+th/2kT7 (32)
W(—) = e—¢>/kTe—th/2kT7 (3.3)
W(forward) — e—(;b/kT(e+th/2kT _ e—th/ZkT)_ (34)

These probabilities describe the success rate for the jumps attempted v times per second.
The parameter h is the hopping distance, typically by half a lattice constant (~2.7 A). For the
attempt rate, we use a typical phonon frequency of ~10** Hz, which was experimentally determined
by means of diffusion studies in other works. In absence of an electrical field, the effective hopping
rate at 300 K is:
Ry = ve ®/KT (3.5)

=2.5% 102 Hz (¢ =0.75eV) or 400 Hz (¢ = 0.5 eV) or 13 kHz (¢ = 0.41 eV)

This implies the corresponding relaxation times, t, = 1/R,, of 40 s, 2.5 ms, and 76.8 ps,
respectively. The effective hopping rate in the direction of an electric field can be written as:

R(E) = ve—¢/kT(e+th/2kT _ e‘th/ZkT). (3.6)

The single polarization average is written by:

< p(t) >= qd(1 — e REMN), (3.7)
50-9) @

P(t) = ZT <p(t) >

Using the time-dependent polarization, the dielectric constant can be derived as:

C c
opP ?(1 - Z) Ry, —L QR ( LaBh - _gEh (3.9)
& = 3E = que vte kTW(e 2kT + e zw)
f(1-¢ Eh Eh
T )
a To 2kT

By integrating time, t, over a sinusidal period, 1/f or 2m/w, €q. (4.8) can be given as:



(3.10)

& =

%(1 —%) qh 21T +th qEh REE)E
_ 2kT + e 2kT | e~
@ V1T wT, (e ¢ ) ¢

By introducting parameters, t = 0 (far from saturation), 7 = 300 K, ¢ = 0.41+2 eV
(experimentally obtained, see Fig. S10), and ¢ = 0.8, giant dielectric permittivity in CGO (20%
Gd) can be induced with lowering frequency as shown in Fig. S10. Our resuls clearly show the
dielectric permittivity of CGO strongly relies on the activation energy of ionic defect hopping and
its rate (frequency dependence) under the applied Epc. The proposed ionic diffusion model and the
corresponding variations in the dielectric permittivity of CGO give excellent agreement with the
experimental results. Therefore, we affirm that the static field-enhanced ionic hopping/conduction
drives large frequency-dependent dielectric permittivity, which helps generating the correlated
large piezoelectricity. Note that this hopping model does not include phase transition and electric
field-induced Vo separation on large-scale distance of the CGO films. Therefore, this model is
valid for modelling high-frequency dielectric constant, i.e., the value of several hundred measured
at 1 kHz.

Section 4. x-ray diffraction measurements with in-situ electric field applications.

Structural variations of the polycrystalline CGO (Gd 20%) films were investigated using
in-situ XRD (Bruker D8 advanced x-ray diffractometer, A (Cu-Ka radiation) = 1.54056 A) under
different DC electric fields (0 - 1 MV/cm). The same samples used for our electromechanical tests
were measured. The electrode (Pt/Cr) area of the films is about 15 % to the total surface area of
the samples. The electric fields were applied from top electrode (Pt/Cr) to bottom electrode (Al)
while measuring XRD. To acquire sufficient XRD intensity for the field-induced structural
variations of the films, long scan time for each angle step (5 - 10 sec/step) were employed for XRD
measurements with fine angle increments (0.005° — 0.01°). All of the collected diffraction spectra
were further calibrated by referring to the multiple diffraction of the forbidden Si (200) peak at 26
= 33° (31). The pristine CGO films deposited at room temperature are polycrystalline and
predominantly show broad diffraction CGO (111) and (220) peaks at 20 = 27.49° and 46.12°,
respectively. These peak angles of the pristine films are lower than those of ideal CGO (Gd 20%)
(20 = 28.47° and 47.36°). This indicates that the film has a larger lattice constant (5.61 A)
compared to that of bulk CGO (Gd 20%) (5.425 A). This is due to additional amount of oxygen
vacancies in the films around 8 % of oxygen sites (14), which can result in the Vo-induced
chemical expansion of the pristine film due to the valence change of compensating Ce from Ce**
(97 pm) to Ce** (114 pm) (20).

Remarkably, XRD clearly shows the appearance of a new peak at 20 = 32.16 when the
electric field applied to the sample increases above Epc = +0.8 MV/cm. It is likely that additional
peaks appear at 27.78° and 46.03°, but are hidden by overlapping cubic reflections. The peaks may
be present at lower fields but are below detection limit. This directly indicates appearance of a
field-induced phase transformation in the CGO film. Phase transitions (among three solid
polymorphs, cubic (space group Fm-3m), tetragonal (P42/nmc), and monoclinic (P2:/c)
symmetries) have been often observed in fluorites (ZrO, aliovalent cation-stabilized ZrO,, and
Ce03) by controlling doping, temperature and applying large electric field at relatively high
temperature (22, 23, 25, 32). For example, Zhu et al. reported that the effect of Vo in CeO:
stabilizes a tetragonal phase (P42/nmc) via charge transfer (Vo — Ce®*) at temperatures below 100
°C (25). Hence, Vo-induced phase transition in the CGO films can occur and be promoted when
the density of Vo at the cathode increases by high applied DC&AC electric fields. With the



tetragonal phase within the CGO film (Fig. S16), we obtained the tetragonal lattice parameters a(r)
=bm=3.94 Aand cm = 6.41 A

In order to better apprehend this transformation, one has to be aware of the usual set of
elementary vectors describing the Bravais FCC lattice. The FCC lattice is a non-primitive cubic

lattice. It contains the ones of the primitive unit cell [, 2,0], [,0,-], [0, 2], spanning the primitive

unit cell with one formula unit, and the ones of the cubic frame ([a,0,0], [0,a,0], [0,0,a]), which
includes 4 formula units (Z = 4, where Z is the number of formula units in the crystallographic unit
cell). A tetragonal unit cell can be equally well defined with the base plane spanned by the

primitive unit vectors [, ~,0], [7,~>.0] and the basic translation [0,0,a] along the 4-fold axis
perpendicular to the base plane. We still need to add a third primitive unit cell vector [%,0, %]. This

non-primitive, tetragonal unit cell has Z = 2, and half the volume of the standard FCC unit cell (a°)
(24). The unit cell dimensions of the observed new tetragonal phase have to be compared with the

tetragonal choice of the FCC unit cell axes, i.e., vV2a(t)= v2b(t) = 5.57 A, c(t) =6.42 A. Therefore,

the corresponding strains in crystallographic a and ¢ axes are (v2am - a))/ac) = —0.7% and (¢
- c))/cc) = +14.5 %, respectively.

Section 5. Frequency dependence of d and M
Three points need to be recalled for ensuing discussion. First, materials coefficients are

derivatives of strain, and polarization (¢ =0P/0E,d = dx/0JE, Q = %azx/apz ); therefore, it is

the change of polarization and strain with field that matters for a large response and not their
absolute values. Second, the field induced transformation into tetragonal phase is partial, i.e.,
during application of the field of sufficient magnitude and after sufficient time, the sample exhibits
mixed cubic and tetragonal phases. Third, the field induced phase transformation appears to be
reversible.

During electrostrictive measurements (Fig. 1 in the main text), only moderate Eac is
applied. This field can at best cause partial phase transformation and associated strain near the
field peak, when Eac reaches critical field needed for phase transformation, as the field is cycled
between —Eac and +Eac. At frequencies above ~10 Hz, the phase transformation is limited under
assumption that it is assisted or enabled by Vo migration because defects cannot follow the field
easily. The electrostriction coefficient M is then essentially controlled by ¢ and Q of the cubic
phase, both of which are mostly due to the intrinsic contribution and some polarization due to the
limited field-induced charge migration and hopping. As the frequency decreases, motion of Vo
becomes more pronounced, contributing both to & and to the strain from the phase transformation.
This process defines the rate-dependent electrostrictive coefficient.

On the other hand, piezoelectric measurements are made under strong Epc and a small Eac.
Under Epc of sufficient strength, the sample consists at all times of a mixture of tetragonal and
cubic regions. Under Epc the energy barrier among these regions must be low, so that even a
relatively weak Eac fields can reversibly switch between the cubic and tetragonal phases in some
volume fraction of the sample, if enough time is given for displacement of Vo that increases
susceptibility for the transformation. This was directly observed by a concurrent measure of |dss|
and |Mas| under a high Epc as shown in Fig. 3D. At frequencies above about ~10 Hz, the weak Eac
cannot move Vo fast enough to promote further oscillating phase transformations. The field-
induced d is thus governed by the values of Q and &, which are representative of the mixture of the
cubic and tetragonal phases. The polarization electrostrictive coefficient and permittivity are not
expected to change much (less than an order of magnitude) between different phases (33). This



means that in this high frequency range the d coefficient is essentially controlled by the same
intrinsic relationships as M, leading to a good agreement between the measured d and the value
estimated from 2MEpc. The small discrepancy between expected and measured values at high
frequency (1 kHz) can be explained by the differences in values of the Q coefficients in the
tetragonal and cubic phase and weak extrinsic contributions to &, which will be different under
conditions used for measuring d and M. At low frequencies, the rate of change of field is slow
enough that motion of Vo can help reversible cubic-to-tetragonal (and back) transformation during
Eac cycling, leading to a huge contribution to the apparent piezoelectric strain.

Furthermore, the direct longitudinal piezoelectric effect (D3 = dssos or Ez = -gs303, where
oand g are applied pressure and direct piezoelectric voltage coefficient, respectively) (34) should
be measurable by application of a dynamic pressure once the required fundamental condition,
macroscopic symmetry breaking is achieved by externally applied direct electric field Epc. Such
an experiment requires measurements of either small D (d coefficient) or small E (g coefficient)
in presence of a large Epc while simultaneously applying dynamic stress. The stress may also
interfere with the conditions needed to achieve the phase transition.
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Fig. S1. Surface morphology, microstructural properties, elemental mappings, and line
profiles of CGO film samples. (a) Atomic force microscopy topography image (3 x 3 um?) of the
surface of a CGO film. (b) A cross-sectional dark field transmission electron microscopy image
of the Pt/Cr/CGO (~1.8 pm-thick)/Al/SiO2/Si sample. (c) Electron diffraction patterns of the
polycrystalline CGO film. (d) EDX elemental mapping of a CGO film (~1.25 um-thick) sample.
For comparison, the EDX mapping images of different elements (Gd, Ce, O, Pt, Cr, Al, and Si)
are presented separately. (e) EDX line profiles of the CGO film sample along the arrow, shown in
the top cross-sectional high-angle dark field scanning transmission electron microscopy image. (f)
The atomic ratio of Gd to Ce in the CGO film, determined to be 22.8+1.6 %. According to the
EDX analysis, Cr impurities (~2 %) were found in the film layer, of which such contaminants are
from deposition tools/external mechanical processing.
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Fig. S2. Verification of measurement artifacts. (a) Schematics of different sample clamping
methods for the sample measurements in LVDT. Two different sample stages, flat and
hemispherical stages, were employed. A radius of the hemispherical sample stage is 2.5 mm,
smaller than any of samples measured. (b) Out-of-plane displacement amplitudes (Vout) of the
CGO samples as a function of frequency, determined by separately using the flat and hemispherical
metal stages. (c) Variations in the first-order electromechanical displacements of the CGO films
with different top electrodes (Pt/Cr and Al), excited by simultaneously applying Eac = 15.71
kV/cm and Epc = +0.5 MV/cm. This indicates there is no significant asymmetric Schottky effect
for the generation of large electromechanical responses of CGO films. (d) Schematic of different
probe points on a CGO sample for mechanical measurements in the photonic sensing system.
Samples were firmly mounted on a flat metallic stage by Ag paste. Top (Pt/Cr or Al) electrodes
were connected by a metal tip and the electrical fields were applied between the top and bottom
(Al electrodes. Electromechanical displacements for four different probe points (photonic sensor
positions, denoted as 1, 2, 3, and 4) were measured while fixing the tip contact under a constant
electric bias apply (Eac = 15.71 kV/cm & Epc = -0.5 MV/cm). (e,f) The measured displacements
and phase response of the probe points as a function of time and probe point position. By
comparing results obtained for two measurement setups, we confirm that substrate bending is
suppressed by gluing the sample to the flat stage, thus having no substantial effect on
electromechanical measurements.
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Fig. S3. Expected thermally induced volumetric strain effect in CGO (Gd 20 %) and external
resistor effect in series RC circuit. (a) The thermal expansion of CGO films is predicted by a
linear formula, X = AL/L = o(AT), where ot and T are the thermal expansion coefficient (9.5 x 10°
6 K1) for the case of CGO (Gd 20 %) and temperature change, respectively (35). A temperature
increase of < 40 °C was found during high-field applications (Epc ~0.8 MV/cm at 10 mHz) by
directly attaching a thermocouple to the surface of the sample. (b) Output voltage (Vout)/input
voltage (Vin) ratio as a function of frequency during the electrical measurements. An external
resistor, Rex, is added in series with the sample and voltage drop (Vout) is measured across Rex to
determine electrical current and electro-mechanical responses of the sample. As the current across
Rex can be a strong function of frequency, Vout can also show a strong frequency dependence. To
eliminate this effect, a constant very low Vou/Vin ratio (wRexC < 1 %) was kept during the
concurrent electrical and electromechanical measurements.
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Fig. S4. Variations in the electrostrictive response, charge density, conductivity, and
dielectric permittivity of the CGO film as functions of applied Eac and frequency f. (a) The
second order electromechanical displacements, AL, and susceptibility, Mz3, of the CGO film with
Eac atf =3 mHz. A large increase in the low-frequency Mas of the film occurs when Eac increases.
(b) The corresponding change in the charge density, D, of the film with Eac. (¢) The f-dependent
electrical conductivity of the sample as a function of Eac. (d) The relative dielectric permittivity
of the CGO film as a function of Eac and f.
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Fig. S5. Complex apparent dielectric permittivity and relaxation characteristics of the

CGO film. (a) Modulus |e.| = +/&/* + €!'? of the apparent relative dielectric permittivity of the
CGO film as a function of f, excited by Eac = 0.79 kV/cm. The experimental dielectric
permittivity (circles) were fitted by a modified complex dielectric relaxation model (dashed
lines) incorporating multiple relaxation processes and the conductivity terms (36). (b) The real
(¢") and imaginary (¢") parts of the permittivity of the CGO film. The magnitudes of the &' and &”
significantly increase with decreasing f.
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Fig. S6. Nonlinear electromechanical responses of CGO film. (a) The first, second, and third
harmonic electromechanical strains of the film as a function of Eac, measured at 10 mHz. (b)
Applied combined E (Eac = 94.3 kV/cm and Epc = -41.7 kV/cm) to the sample at f = 10 mHz. (c)
Spectral analyses of the measured strain (grey circle) of the film, fitted by multiple sinusoidal
functions (red solid line), Xtot = X XonSin(n-wt - ¢). (d) FFT analysis for the measured
electromechanical signals in frequency. (e) Strain versus Eac curve of the CGO film under Epc (-
41.7 kV/cm). (f) A spectral analysis of strain distribution in the film during the field application,
fitted by combining four (first to fourth) harmonic components. Such high-order harmonics
originate from the nonideal electrostriction in CGO (and most other materials) where the
associated total ideal quadratic strain, x = ME? can be modified by expressing the coefficient M as
being field dependent, M = m + nE + pE2 + ---, thus giving x = mE? + nE3 + pE* + --- (17). Also,
asymmetric/nonlinear strain versus electrical field responses can be generated by instrumental
voltage offsets and thus careful instrumental calibration is always required for sample
measurements.
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Fig. S7. On-off control of the first harmonic electromechanical responses of the CGO film by
simultaneously applied DC field. (a) The first-order harmonic displacement amplitude (Vout) of
the CGO film as a function of time. The output amplitude is switched by on-and-off negative DC
field (Eoc = -0.5 MV/cm) while applying a constant AC field (Eac = 15.71 kV/cm). (b) The
corresponding electromechanical displacements and strain of the film as a function of time.
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Fig. S8. Endurance performance on the induced piezoelectric displacement of the 1.25 pm-
thick CGO film. (a) The piezoelectric displacement (max. the first harmonic strain, Ax ~1.8 %)
of the CGO film in time, excited by a combined electric field [Eac (16 kV/cm) + Epc (0.8 MV/cm)]
at 1 Hz. (b) The corresponding FFT amplitude spectrum of the first harmonic output
electromechanical signals as a function of f. (c) A long-time (> 15 hours) output signal acquisition
for the first harmonic piezoelectric displacement of the CGO film. This result shows excellent
endurance of the piezoelectric performance of the CGO sample without significant signal
degradation.
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Fig. S9. Frequency-independent piezoelectric susceptibility of PZT and (Na12Bi12)BisTi3O1s-
based material. Piezoelectric coefficients (|dss|]) of PZT and (Nai2Bii2)BisTizO1s (PZ46-
Ferropem) ceramics in the frequency range of 3 mHz — 1 kHz, measured by Eac = 1.25 kV/cm.
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Fig. S10. Dielectric dispersion of CGO film with temperature variations. (a) Dielectric
permittivity, &, of the CGO film as a function of f, measured in the range of T = 294 — 348 K.
Transient times, Ty, for the characteristic dielectric relaxation in a CGO film were determined by
linear extrapolation of the onsets to the plateaus. (b) an Arrhenius plot of Ln(1/Ty) in 1000/T. An
activation energy of the Ty was determined to be Ea = 0.41+£0.02 eV. (c) & of a CGO film as a
function of frequency before and after O2 annealing. The sample was annealed in O flow at 400
°C for 30 mins. After annealing the permittivity decreases by more than an order of magnitude at
low frequencies, indicating a large contribution of Vo to the permittivity and therefore
piezoelectric properties at low frequencies.
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Fig. S11. Calculations on defect hopping, polarization, and dielectric constant of CGO (Gd
20%) system. (a) Schematics of polariztion between Gd dopant at coordinate (0,0,0) and next
neighboring Vo at the coordinate (¥4,%,%4) in cubic fluorite CGO (Gd 20%) structure. On the right
side, energetic description of Vo jumping processes in a simplified 4-oxygen site model. On the
lower side, different energy potentials of Vo jumping at oxygen sites with respect to Gd site. This
reveals preferential Vo hopping is along the next-next neighboring oxygen sites (Y4, %, ¥4). The
values of oxygen hopping energies were referred to (19). (b) Fittings for the experimental
frequency-dependent |e.| of the CGO film, excited by simultaneous field application of a constant
Eac and different Epc (0.11, 0.47, 0.72, and 1 MV/cm). The fittings are obtained using Eg. 3.10
with different values of @. (c) Experimental high-frequency (1 kHz) dielectric permittivity and the
corresponding calculated @ of the CGO film with different Epc.
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Fig. S12. Frequency-dependent electrical conductivity, |o| = Va'? + ¢''2 = ¢', of a CGO (Gd
20%) film with different field excitations: (1) with E5c =0.79 kV/cm, (2) with E5c = 15.71 kV/cm,
(3) with Epc = 15.71 kV/cm and Epc = 0.11 MV/cm, (4) with Epc = 15.71 kV/cm and Epc = 0.47
MV/cm, and (5) with Epc = 15.71 kV/cm and Epc = 0.72 kV/cm. The dashed line represents an
ionic relaxation behavior, expressed by o(w) = g, + Aw™, where g, is the DC-conductivity (low-
frequency), A is a temperature-related term and the exponent, n, lies in the range 0 <n < 1. The
dashed line with n = 0.9 in relatively low frequency range (< below 1 kHz) represents a dispersive
ionic diffusion (37, 38), while the line with n = 1 at high frequency range (> 1 kHz) represents a
universal limiting conductivity (39). With simultaneous application of AC and DC fields to the
sample, the Jonscher’s power law is absent (n = 0) and frequency-independent DC-conductivity
occurs, indicating greatly enhanced long-range ionic diffusion/hopping process (40). The inset

shows the corresponding logarithmic |e.|(v/ e/ + €//? = £]') versus logarithmic f for the excited
CGO sample with different field applications (1 - 5).
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Fig. S13. Electrical conductivity, dielectric permittivity, and piezoelectricity in YSZ film. (a)
Electrical conductivity versus frequency of a YSZ (Y 8 %) film (~300 nm), measured by AC 100
mVms (0pen square) and a simultaneous voltage application (AC 2 Vs and DC -27.5 V). (b)
Dielectric permittivity versus frequency of the YSZ film. (c) Frequency-dependent piezoelectric
coefficient, ds3, of the YSZ film, excited by simultaneous application of AC 2 Vims and DC -27.5
V. (d) The first-order electromechanical displacements of the YSZ film, excited by simultaneously
applying AC 2 Vims and DC -27.5 V (Epc ~0.9 MV/cm), measured at about 10 mHz (9.4 mHz).
(e) The corresponding FFT magnitude spectra of the output signals as a function of f.
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Fig. S14. Electrostriction and piezoelectricity in CGO and YSZ ceramics. (a) Frequency-
dependent M3z of CGO ceramic, excited by Eac = 0.1 MV/cm. (b) Frequency-dependent dss of the
CGO ceramic, excited by Eac (24 kV/cm) + Epc (0.1 MV/cm). (c) Linear piezoelectric
displacements of the CGO ceramics under Epc = 0.1 MV/cm, measured with various Eac and at 1
Hz and 1 kHz. (d) Frequency-dependent Mas of YSZ ceramic, excited by Eac = 0.08 MV/cm. (e)
Frequency-dependent ds3 of the YSZ ceramic, excited by Eac (26 kV/cm) + Epc (0.08 MV/cm).
(F) Linear piezoelectric displacements of the YSZ ceramics under Epc = 0.08 MV/cm, measured
with various Eac and at 1 Hz and 1 kHz. These results confirm that: (i) piezoelectricity in
centrosymmetric fluorite oxide ceramics can be generated via our working concept (Eac + Epc),
and (ii) high-frequency (1 kHz) piezoelectricity holds the relation of ds3 = 2Ma3Epc.
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Fig. S15. Induced piezoelectric effect in a RT-CGO film deposited by using pulsed laser
deposition. (a) Surface morphology of a PLD-deposited polycrystalline CGO film (~350 nm) on
Al (150 nm)/SiO2 (150 nm)/Si substrate as schematically illustrated. (b) Energy dispersive X-ray
spectroscopy analysis for the atomic composition of the PLD-deposited CGO sample. No
impurities were found in the sample (detection limit <1%). (c,d) Reversible switching for the sign
of piezoelectric displacements of the PLD-CGO sample with respect to the sign of the applied DC
voltages (Eoc = +0.51 MV/cm) while applying the same AC voltage (Eac = 40.4 kV/cm). (e)
Piezoelectric coefficients (dsz) of the PLD-deposited CGO film as a function of frequency, f. The
observed frequency-dependent dss is consistent with that observed in sputtered CGO and PLD-
deposited YSZ. Therefore, we confirm that the fundamental mechanism and findings on the
generation of the piezoelectricity in CGO are unaffected by Cr impurity.
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Fig. S16. In-situ x-ray diffraction measurements. XRD patterns of the CGO film with and
without DC electric field application. The pristine polycrystalline CGO film predominantly shows
broad (111) and (220) peaks at 26 = 27.49° and 46.12°. Whilst, the new peaks visibly appear at 260
=27.78°, 32.16°, and 46.03° when Epc (= 1 MV/cm) is applied to the CGO film.
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Fig. S17. Piezoelectric displacements of the CGO film via the control of electric field. (a) The
pristine CGO film with a random distribution of oxygen vacancies (Vo). Vo-induced lattice
distortions occur at the local areas of the film. (b) In-phase piezoelectric displacements, generated
by applying Eac under a concurrent positive Epc (from the top to bottom electrodes). The
piezoelectric displacement is determined by Eac -driven Vo motion, i.e., more Vo towards the
bottom electrode with positive Eac for expansion, while less Vo towards the top electrode with
negative Eac for contraction. (c) Out-of-phase piezoelectric displacements, generated by applying
Eac under a concurrent negative Epc (from the bottom to top electrodes). The piezoelectric
displacement is also determined by Eac-driven Vo motion, i.e., less Vo towards the bottom
electrode with positive Eac for contraction, while more Vo towards the top electrode with negative
Eac for expansion.
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