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Abstract
Oxygen-defective metal oxides like cerium oxides exhibit giant electrostriction and field-induced
piezoelectricity due to a dynamic electrosteric interplay between oxygen defects, V··

O, and the
fluorite lattice. While such mechanisms are generally attributed to oxygen vacancies, recent results
also highlight that trapped cationic defects, Ce

′
Ce, i.e. small polarons, can contribute to the

electromechanical properties of ceria. Here, we study nanocrystalline 5% Ca- and 10% Gd-doped
ceria thin films with a high density of point defects and a constant oxygen vacancy concentration at
5% molar. We deposit thin films at low temperatures to promote microstructure disorder, i.e.
nano-crystallinity, where the oxygen vacancies have low mobility due to high grain boundary
interface densities. Still, the Ca2+ and Gd3+ dopants’ sizes and valence differences modulate
trapping effects toward the defects in the lattice, giving an insight into the electromechanical
nature of the defects in the material dominating the electrostriction. We find that electrosteric
dopant-oxygen vacancy interactions only slightly affect the electromechanical properties, which
mainly depend on the frequency and intensity of the applied electric field. On the other hand,
n-type polaron, Ce

′
Ce, transport can emerge below the breakdown limit. These effects lead to an

electromechanical coupling with a longitudinal electrostriction coefficient,M33, above
10−16 V2 m−2. Our results suggest that polaronic mechanisms substantially contribute to the
electromechanical coupling in ceria. Also, the large ionic radius difference between Ce3+ and Ce4+

induces a large electro-strain upon polaron hopping, coupling electric stimuli to the observed
electrostriction. This analysis provides new insights into the electromechanical effect of small
polaronic semiconductive materials, opening new designing criteria for efficient electromechanical
energy conversion.

1. Introduction

Electrostriction is a property exhibited by all insulating materials, characterized by a second-order coupling
between electrical polarization and electrostrain [1]. Despite its ubiquity, electrostriction is less studied due
to its typically lower electromechanical performance than piezoelectric materials, with the most commonly
investigated electrostrictors being relaxors-ferroelectrics [2]. The electrostrictive coefficient, which describes
the coupling between the squared electric field and the resulting strain, is typically denoted asMij. Newnham
et al [3] established that the electromechanical properties of most materials follow an empirical relationship
(1), linking the observedMe to the material´s compliance (s) and the dielectric permittivity (ε0 · εr) [4].
Recently, it was discovered that defective oxides can exhibit ‘giant’ electrostriction stemming from distinct
electromechanical coupling mechanisms [4, 5]. Among the materials investigated, doped cerium oxide
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ceramics have demonstrated exceptional performance [6],

Me ≈ 104 · (s · ε0 · εr)1.14. (1)

At first glance, ceria lacks the characteristics typically associated with high electromechanical
performance. It exhibits a relatively low dielectric constant (εr ∼ 30) [7], a high elastic modulus (∼200 GPa)
[8], and a centrosymmetric crystalline structure (Fm3̄m) [9]. Nonetheless, under an applied external electric
field, ceria-based ceramics show an electrostriction coefficient (Me) ranging from 10−16 to 10−18 m2 V−2

[10–12], exceeding predictions based on Newnham’s empirical relation by over two orders of magnitude [1,
4]. Moreover, ceria also shows high bias-induced effective piezoelectricity [4], i.e. pseudo-piezoelectricity
[13], as thin films and bulk ceramics [7, 14]. Despite the relevant properties, the giant electromechanical
coupling mechanisms remain under investigation.

Currently, the most widely accepted mechanism attributes giant electrostriction in ceria to its unique
defect chemistry [6, 15]. Introducing point defects, such as oxygen vacancies (V··

O) and n-type polarons

(Ce
′

Ce), into the ceria lattice via thermo-chemical reduction or aliovalent doping induces anisotropic cell

strain. Specifically, the bond length along the V··
O axis (O×

O −Ce
′

Ce −V··
O) expands, while orthogonal bonds

(O×
O −Ce

′

Ce −O×
O ) contract, creating a local electro-elastic dipole [16]. Such distortion induces a symmetry

change from fluorite to double-fluorite or intermediate states, depending on the defect chemistry and
concentration. When an external electric field is applied, the O×

O −Ce
′

Ce −V··
O dipoles can be distorted and

reoriented, enhancing the electromechanical coupling in oxygen-deficient materials [17]. Interestingly,
rather than causing further unit cell distortion, the active sites and overall crystal structure tend to revert to a
higher-symmetry configuration under an external electric field [16]. This symmetry transformation is
primarily responsible for the anomalously high electrostriction observed, while the slow V··

O kinetics
accounts for the low-frequency dependence of the response [6]. Experimental evidence supporting this
model primarily includes changes in Ce bond lengths under prolonged electrical bias [5, 16, 18] and
computational simulations [19].

While the V··
O-driven mechanism has gained acceptance, recent findings show that exceptionally high

electromechanical responses have also been observed in isovalent-doped ceria, such as zirconia-doped ceria,
where extrinsic vacancies are not introduced [20]. Interestingly, the addition of V··

O was found to affect the
material’s properties adversely [21]. Moreover, Santucci et al recently showed that Ce3+ defects at the ceria’s
cation site can be formed in epitaxial gadolinium-doped ceria (GdDC) thin films under in-plane compressive
strain, leading to enhanced electromechanical properties [22]. These results suggest that the underlying
mechanism of giant electrostriction involves alternative or multiple contributing factors, such as electronic
defects and defects complexes.

The Ce3+ electronic defects in ceria (Ce
′

Ce) are easily formed from the Ce4+ to Ce3+ reduction. They have
a 2:1 molar ratio with respect to the oxygen vacancies (two Ce3+ for each oxygen vacancy formed and four
for each oxygen molecule desorbed) [23]. Still, they are n-type small polarons quasi-particles formed when
charges interact electrostatically with the lattice, causing a localized distortion that moves with the charge
carrier. Notably, polarons in ceria are already correlated to large electro-chemo-mechanical effects such as
high-temperature mixed ionic–electronic conductivity effects and chemical expansion [24]. These properties
arise from the different valence and cation size between the Ce4+ ionic radius of 0.97 Å in the ceria’s fluorite
structure compared to the Ce3+ ionic radius of 1.14 Å in the cubic coordination, i.e. in CeO2−δ , and 1.01 Å
in the octahedral coordination, i.e. in Ce2O3 [25].

In this study, we aim to investigate further the role of defect chemistry and the impact of both extrinsic
and intrinsic defects on the electromechanical response of defective ceria. We especially examined disordered
thin films, i.e. nanocrystalline, of GdDC- and calcium-doped ceria (CaDC). Previous studies have shown
that these compositions exhibit markedly different electromechanical behavior [15]. CaDC displays a
frequency-independent response, whereas GdDC induces a non-Debye relaxation at low frequencies [7, 10].
These effects are attributed to the different dipole configurations in the lattices due to the sizes (Ca2+: 1.12 Å
and Gd3+: 1.053 Å) and valences of the dopants [26] rather than a change in their concentration [12, 27].

We also compare the electrostriction behavior of GdDC and CaDC at specific doping levels of 10% (at.)
and 5% (at.), respectively. These compositions were chosen based on prior research indicating that oxygen
vacancies play a crucial role in their electromechanical coupling [12]. To ensure consistent extrinsic oxygen
vacancy concentrations between the two samples, we selected half the calcium concentration compared to
gadolinium due to the different valences of the dopants (Ca2+ and Gd3+). Additionally, these doping levels
are known to yield optimal performance for both Ca and Gd [10, 12].

Additionally, due to the nanocrystalline nature of the films, active polarization mechanisms may arise
from frozen vacancy mobility at grain boundaries and interfaces. These disordered regions induce
space-charge and charge carrier polarization, which are controlled by doping and defect configuration. This
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effect significantly influences ionic mobility and vacancy configurations, ultimately altering the
electrochemical response in the films [7].

2. Materials andmethods

2.1. Thin film deposition
Thin films of 10% (at.) GdDC (10GdDC) and 5% (at.) CaDC (5CaDC) were deposited on 147 µm thick
borosilicate glass substrates. The deposition was performed using magnetron sputtering, coupled with an RF
power supply operating at 75 W and a self-bias voltage of≈300 V. The depositions were carried out at room
temperature (no substrate heating) for 1.5–3 h under an argon (99.999%) atmosphere (25 sccm,
5× 10−2 mbar) with a 60 mm target-to-substrate distance, resulting in thin films with thicknesses ranging
from 275 nm to 500 nm (figure S1). The thin films’ compositions were achieved by employing different
cerium oxide targets, being doped with 10% (at.) of Gd (Kurt Lesker, 99.99%) and 5% (at.) of Ca (Testbourne,
99.9%) for the 10GdDC and 5CaDC, respectively. The different doping ratios of 10% (at.) for Gd and 5%
(at.) for Ca were chosen to maintain a constant nominal extrinsic oxygen vacancy concentration (5%) due to
the different valence of the dopants.

Titanium nitride (TiN) was used as the electrode material due to its proven effectiveness in managing
mechanical stress and electric fields for ceria-based actuators [28]. TiN electrodes were deposited via DC
sputtering using TiN targets (EvoChem, 99.5%) at 50 W under 5.5× 10−3 mbar pressure with 15 sccm of
argon (99.999%) for 15 min, yielding electrode layers 100–150 nm thick. The devices were fabricated with a
cross-plane geometry, where the ceria layer separated the top and bottom TiN electrodes. Mechanical shadow
masks were used for electrode patterning.

2.2. Crystallographic andmorphological characterization
The crystallographic properties of the films were analyzed using x-ray diffraction (XRD) with a Panalytical
Aeris diffractometer in Bragg–Brentano geometry. Diffraction patterns were recorded over a 2θ range of 20◦

to 110◦ with a 0.01◦ step and a 20 s exposure per step. Measurements utilized CuKα radiation (λ= 1.54 Å)
filtered by a nickel foil.

Raman spectroscopy measurements were performed using a Renishaw InVia Reflex Confocal Raman
Microscope in backscattering geometry. A 532 nm laser was focused onto the samples through a 20x
objective, resulting in a laser spot size of approximately 1 µm. Five Raman spectra were acquired from the
samples, with a 10 s acquisition time for each spectrum. All measurements were conducted at room
temperature under ambient conditions.

The morphology of the samples was characterized by using scanning electron microscopy (SEM) with a
Zeiss Ultramicroscope equipped with a field-emission gun. SEM was employed to analyze the
microstructure, morphology, and film thickness. To visualize the cross-section of the samples, a sacrificial
sample was fractured and coated with a 10 nm layer of carbon to minimize charging.

2.3. In situ synchrotron experiments
In situ XRD (i–XRD) experiments were conducted at the DanMAX beamline of the MAX IV synchrotron
facility [29] (SI, S3). Samples were oriented in both reflection and transmission geometries relative to the
incident x-ray beam. For in situ experiments, an external DC power supply applied stepwise voltages from 0
to 15 V at a rate of 10 mV s−1. Electrical connections to the top and bottom electrodes were established using
25 µm copper wires bonded with conductive carbon paste. The x-ray energy was set to 15 keV, and
diffraction patterns were collected with a DECTRIS PILATUS3 X 2M CdTe area detector. Diffraction patterns
were captured every 1 s with a 0.1 s exposure time to minimize beam damage artifacts.

2.4. Electromechanical experimental setup
Electromechanical characterization was performed using a custom-built system at DTU [28]. Samples were
mounted in a cantilever geometry, and displacements were measured at the cantilever’s tip, following a
previously reported laser-beam configuration [14]. Both alternating voltage and DC bias were applied using
an Aim-TTi signal generator, with electrical connections established using 25 µm copper wires. Displacement
measurements were conducted with a single-beam laser interferometer (SIOS), and the signals were
processed using a lock-in amplifier (Ametek Model 7230 DSP). Each data point was recorded over a 120 s
interval with a 0.1 s sampling rate, and the final displacement values were calculated as the average of the
measured data [30]. It should be noted that we cannot experimentally differentiate between positive or
negative displacements due to the use of a lock-in amplifier.
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2.5. Modeling of electromechanical coupling mechanisms
The theoretical treatment builds on our previous work on piezoelectric actuation of microfluidic systems
[14, 31, 32]. The independent fields are the mechanical displacement field u and the electric potential ϕ . The

dependent fields are the strain tensor s= 1
2

[
∇u+(∇u)T

]
, the electric field E=−∇ϕ , as well as the stress

tensor σ and the electric displacement D given by the constitutive equations (using index notation) for
isotropic electrostrictive materials [14, 33]:

σij = Cijkl (Y,ν) skl +mijkl (Y,ν,M31,M33) EkEl + εsik

(
EkEj −

1

2
ElElδij

)
, (2a)

Di =−2mijkl (Y,ν,M31,M33) sklEj + εsij Ej, with i, j,k, l being x,y, or z. (2b)

Here, is Young’s modulus, ν is Poisson’s ratio,M31 andM33 are respectively the shear and longitudinal
electrostriction coefficients, εsij the electric permittivity (figures S2 and S3), δij is the Kroenecker delta, and
the elastic moduli Cijkl as well as the electromechanical coupling coefficients are given in terms of, ν,M31,
andM31 as described in the supplemental material (SI, S2). Note that we have extended the stress tensor from
our previous work [14] by including the purely electric stress in the form of Maxwell’s stress tensor [33], the
last term on the right-hand side of equation (2). The governing equation (3) for u (4a) and ϕ (4b) are,

the Cauchy equ.: ρ∂2
t u=∇·σ, the zero− free− charge Gauss equ.: 0=∇·D. (3)

In the experimental setup, a driving voltage V= VDC +VACeiωt consisting of a large DC component and
a small AC component,

∣∣VAC
∣∣≪ ∣∣VDC

∣∣ ,, is applied to the electrodes of the electrostrictor so that the
electrostriction response to the leading order takes the form,

ui = u(0)i + u(1)i e−iωt + u(1)∗i eiωt, (4a)

ϕ= ϕ (0) +ϕ (1)e−iωt +ϕ (1)∗eiωt, (4b)

where the asterisk denotes complex conjugation. As in our previous work [14], we implement these
equations in the Weak Form PDE Interface of Comsol Multiphysics, including only terms up to the first
order in the response.

The material’s properties and geometrical parameters used for the simulations can be found in table S1
and figure S4 [10, 14, 34–36].

2.6. Electrochemical impedance spectroscopy (EIS)
Electrical measurements were performed using a Solartron 1260A impedance analyzer. For electrical
characterization, samples were deposited onto circular substrates (Ø 15 mm) under the same conditions as
the cantilevers. Measurements were conducted in a Linkam sample holder, which allowed precise control of
temperature and atmosphere, with the samples maintained under a constant argon flow. Electrical contacts
were established using micromanipulators equipped with tungsten tips. EIS measurements were carried out
over a frequency range of 1 MHz–10 mHz with a 5 mV alternating field. Bias (DC voltage) was also applied
with the AC using the same setup. The impedance data was analyzed and fitted to an equivalent RC circuit
model using ZView software.

3. Results and discussion

3.1. Electromechanical coupling
Figure 1(a) illustrates the crystallographic and morphological features of the doped ceria films. Highly
defective thin films result from room temperature RF sputtering deposition on glass substrates. In such
conditions, the microstructure is disordered, i.e. nanocrystalline, with a high-density grain boundary,
including nonstoichiometric oxygen defect, likely frozen at the grain boundary [37]. Thin films of 5CaDC
and 10GdDC were deposited with thicknesses ranging from 275 nm to 500 nm (figure S1). All samples show
diffraction patterns compatible with the fluorite structure of ceria (Fm3̄m) [9], with no additional phases
visible.

For electromechanical characterization, the samples were coated with out-of-plane electrodes, forming a
structure where the active ceria layer was sandwiched between top and bottom electrodes. The samples were
then positioned in a cantilever geometry (see supplemental material, table S1 and figure S4), allowing
actuation under high electric fields (≈100 kV cm−1) at low voltages (<10 V). The measurements were
conducted under an applied bias to linearize the second-order electrostrictive response, resembling the
inverse piezoelectric effect, often called the pseudo- or effective piezoelectric effect [4, 13].
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Figure 1. (a) Cross-section SEM image of 5CaDC thin films deposited via sputtering on borosilicate glass. (b) Cantilever
displacement measurements for both 10GdDC (gray squares) and 5CaDC (red circles) under applied bias, and for 10GdDC also
one numerical simulation of the response using the full stress tensor (gray) of equation (2) and one without electrostriction stress
(M33 =M31 = 0) keeping only the elastic stress and the Maxwell stress (red). (c)–(d) In-situ XRD measurements under
progressive bias were performed using synchrotron radiation for (c) 10GdDC samples conducted in reflection geometry and (d)
5CaDC samples conducted in transmission geometry. The left panels display the diffraction patterns at the pristine state and
maximum bias, and the graphs to the right show the (200) peak shift as a function of the applied bias for the integrated diffraction
rings.

Figure 1(b) presents the electromechanical responses of 10GdDC and 5CaDC, measured in a cantilever
configuration. Both first- and second-order resonant modes [38] are present, with minor variations
attributed to differences in geometric factors such as clamping distances and electrode placement.
Interestingly, the samples exhibit similar frequency-dependent responses regardless of the dopant. This
contrasts with previous studies on bulk ceramics, where Ca- and Gd-doped ceria compositions exhibited
significantly different frequency-dependent behavior [7, 10, 39]. Gd-doped ceria typically shows
low-frequency non-Debye relaxation [40], while Ca-doped compositions exhibit frequency-independent
responses [7, 10]. These differences were previously linked to dopant-defect interactions, specifically
cation-defect association, which inhibits active sites with lower relaxation frequencies [7, 41]. The observed
similarity between the samples in this study suggests that another mechanism, beyond dopant-defect
interactions, dominates the electrostrictive coupling in the highly defective films.

Based on the model in section 2.5, we conducted numerical simulations to understand the
electromechanical coupling responsible for the cantilever motion (figures 1(c) and S5). A detailed account of
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Table 1. Relative comparison of low frequency (<10 Hz) electrostriction coefficient for the values found by numerical simulations of the
experimental results in this work with previously reported results for similar compositions.

10GDDC 5CaDC

References |M33| (m
2·V−2) |M31| (m

2·V−2) |M33| (m
2·V−2) |M31| (m

2·V−2)

This work 5.3·10−16 6.6·10−21 2.3·10−19

[7] 2.9·10−17 4.6·10−18

[10] 1–3·10−18

[11] 8.4·10−17

[12] 8·10−17

[14] 1.1·10−16 1.1·10−19

[16] 1.6·10−17

[41] 3·10−17

[44] 0.4–9·10−19

the simulation results is given in the supplemental material (SI, S2), where in table S1 and figure S4, the
geometry and parameter values used in the numerical simulation of the experiments are defined.

At low frequencies (f < 10 Hz), we found nearly constant values for the electrostriction coefficientsM31

andM33 for both compositions. For 10GdDC,M31 = 6.6× 10−21 m2 ·V−2 andM33 =−5.3× 10−16

m2 ·V−2, withM31 being five orders of magnitude smaller thanM33. In contrast, for 5CaDC,
M31 =±2.3× 10−19 m2 ·V−2, which is 50 times larger than in 10GdDC and sufficiently large to dominate
the contribution fromM33. As a result,M33 cannot be determined in this case (figure S6). This notable
difference in response between the two cantilevers arises becauseM31 acts over the unclamped electrode
length (Lelec), whereasM33 acts only through fringe fields over the length defined by the films thickness (Htf)
[14].

The relative strengths of the shear and the longitudinal response are given by the ratio (M31Lelec)/
(M33Htf), which for 10GdDC is 0.76 and for 5CaDC is about 30, assuming the typical value
M33 =−3× 10−16 m2 ·V−2. Consequently, for 10GdDC, the overall response results from the elastic, the
electrostrictiveM31–M33 stress, and the Maxwell stress, but for 5CaDC, it results mainly from the elastic, the
electrostrictiveM31 stress, and the Maxwell stress. The Maxwell stress tensor, often overlooked, plays a
critical role in electromechanical behavior, especially when electrode separation is on the nanoscale, as in the
out-of-plane configuration [42]. Furthermore, the results indicate that for ceria-based giant electrostrictors,
M31 is several orders of magnitude smaller thanM33, often rendering it negligible depending on the
geometry, a behavior atypical compared to traditional piezoceramic actuators [43].

The simulations (see details in SI, S1) also show that in 10GdDC, the Maxwell stress dominates over the
electrostriction stress for f < 10 Hz, and that the electrostriction coefficients decrease weakly for
10 Hz< f < 700 Hz, before they decay sharply for 700 Hz< f < 5000 Hz, to become negligible for
f > 5000 Hz. (shown in figure S6). The observed decrease in the kHz regime aligns with previous findings for
both thin films [14, 44] and bulk ceramics [7]. As a detail, we mention that for 10GdDC, the interplay
between the three vibrational modes explains the absence of out-of-resonance minima in agreement with the
experimental (figure S7). To illustrate the electromechanical performance observed for the doped-ceria films
in this work, we compared our results to previous values reported in the literature in table 1.

To comprehend the electromechanical coupling mechanism in the samples at the structural level, we
conducted i–XRD using monochromatic synchrotron radiation (figures 1(c) and (d)). Due to the short
exposure time (0.1 s), we were able to continuously probe the crystallography during bias application while
minimizing artifacts from prolonged bias and radiation exposure [45, 46]. No phase changes were observed
upon applying an external electric field [45], with 10GdDC and 5CaDC remaining in the fluorite phase from
zero to the maximum voltage of 15 V (≈300 kV cm−1). At first glance, no significant changes were apparent
when comparing the pristine and biased samples. However, a closer analysis of peak diffraction shifts (figures
S8 and S3) reveals a clear trend.

The i–XRD measurements reveal contrasting in-plane and out-of-plane strain responses for the ceria thin
films. The 5CaDC sample, analyzed in a transmission geometry (figure 1(d)), primarily probes planes
orthogonal to the applied electric field, allowing the detection of in-plane strain. The diffraction peak shift for
5CaDC reveals an isotropic contraction along the in-plane axes, with a negligible difference of approximately
5 · 10−3 degrees between orthogonal positions, attributed to the signal-to-noise ratio (figure S9). A similar
trend is also observed in diffraction patterns corresponding to the (111) and (311) planes (figure S8).

Conversely, the 10GdDC sample was measured in reflection geometry (figure 1(c)), which is primarily
designed to probe out-of-plane strain but is also affected by in-plane features. At 90◦ (center of the diffraction
arc), the measurement mainly reflects out-of-plane strain, while lateral angles, e.g. 30◦, 45◦, 135◦, and 150◦,
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include contributions from both in-plane and out-of-plane strains. The diffraction results, derived from the
integrated arc, exhibit an overall shift corresponding to expansion (figure 1(c)). However, a detailed analysis
at specific angles highlights an anisotropic strain distribution (figure S10).

Interestingly, a built-in anisotropy is observed in the pristine 10GdDC sample when comparing in-plane
and out-of-plane planar distances. Although unexpected, similar anisotropy for polycrystalline thin films has
been previously associated with electrochemical variations at the film–electrode interface [5, 47]. The peak
shift at 90◦ exhibits a maximum expansion of 0.06% upon applying an electrical bias. In comparison, at 30◦,
it reduces to 0.015%, highlighting significant ovalization of the diffraction arc and confirming the
anisotropic strain response.

Decomposing the strain into its in-plane and out-of-plane components for the 10GdDC sample reveals a
distinct divergence in behavior. The out-of-plane strain shows a marked expansion trend, whereas the
in-plane strain exhibits a smaller drift with a slight tendency toward contraction (figure S11), aligning with
the in-plane contraction observed for 5CaDC. Although the in-plane contraction magnitude observed for the
10GdDC does not fully match that of the 5CaDC, the findings are consistent with the electromechanical
findings. Specifically, the 10GdDC showed a weakerM31 coupling, while the 5CaDC showed a significantly
strongerM31 component (figure S6).

Although 10GdDC and 5CaDC exhibit differences in their crystalline features, both samples show a
similar overall structural response: expansion parallel to the field and contraction in the orthogonal
directions. The reflection-mode i–XRD of 10GdDC captures both effects, while the transmission-mode
i–XRD of 5CaDC confirms the orthogonal contraction, validating the overall behavior in both cases and
indicating a common underlying electromechanical coupling mechanism. Based on extensive previous
studies on ceria-based nanocrystalline films, the observed correlation between in-plane and out-of-plane
responses in 10GdDC and 5CaDC is well-founded [46–50]. As shown in prior work, variations in doping
composition may influence the magnitude or frequency dependence of the response but do not alter the
fundamental electromechanical coupling in defective ceria [7, 11, 12].

These results indicate anisotropic strain in the unit cell relative to the applied electric field, ruling out
isotropic effects such as thermal expansion due to Joule heating [51] or overall chemical reduction [52, 53].
The expansion and orthogonal contraction suggestM33 andM31 coupling and the correlation between lattice
distortion and the giant electromechanical coupling in ceria [16]. This is the first report on the connection
between parallel and orthogonal strain in the context of the electroactive properties of ceria. These findings
are further supported by our previous study on similar materials deposited on flexible substrates [14].

However, not all observed strains can be solely attributed to electrostriction, as the magnitude would
require electrostrictive coefficients exceeding those derived from the electromechanical characterization.
Given that the i–XRD was conducted under increasing bias rather than an alternating field, other
mechanisms that depend on slow kinetics, such as electrochemical interactions, could contribute to the
observed strain, some of which may be irreversible. Nonetheless, the anisotropic strain response indicates a
directional electromechanical coupling, reinforcing the link between lattice dynamics and the electroactive
functionality of defective ceria. Further investigations are needed to fully elucidate all active mechanisms
driving the observed in- and out-of-plane dynamics.

Three distinct regimes are apparent in both samples during the i–XRD (figures 1(c) and (d)). At lower
biases (<5 V), the samples exhibit a near-linear trend, followed by saturation at intermediate values (5–9 V).
Upon reaching a threshold voltage (>9 V), the peak drift accelerates with no further changes observed up to
the maximum field. Saturation of electrostriction in ceria is well-documented [11, 40], particularly at low
frequencies (<10 Hz), being particularly relevant to the quasi-static i–XRD measurements and may
contribute to the initial drift followed by the plateau at intermediate biases. It has also been suggested that
ceria polarization mechanisms under intense electric fields progress through three regimes: the polarization
of carriers at grain boundaries and electrodes, followed by the formation of Schottky barriers and their
subsequent collapse and charge injection at elevated fields due to electrochemical redox [45]. Furthermore,
other effects, such as radiation-induced ionization of ceria, i.e. beam damage, cannot be entirely excluded
due to the high intensity of the synchrotron source [54, 55].

3.2. Electrical polarization
We conducted EIS characterization to investigate the electromechanical responses of 5CaDC and 10GdDC
(figure 2). Both samples exhibit interfacial polarization in their pristine state, forming an electrical
double-layer at the ceria-electrode interface (figure 2(a)) for DC and quasi-DC electrical fields. While this is
typical for ceria with blocking electrodes, TiN does not block electronic conduction. Instead, a TiOx

passivation layer likely formed during sputtering, and bias application appears to trigger an irreversible redox
process, reducing the oxide layer and allowing charge carrier discharge at the interface.
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Figure 2. (a) Nyquist by EIS for the 5CaDC sample at room temperature (a) at a pristine state and (b) after applying a 7 V. Both
measurements were conducted in the same sample under 0 V bias and 5 mVac. (b) Arrhenius’s plot was measured by EIS for the
pristine films. The lines are [7] for microcrystalline bulk ceramics with similar compositions. (c) Real (εr ′) and Imaginary (εr ′ ′)
dielectric permittivity measured by EIS for the 10GdDC in its pristine state, under bias, and after the bias is removed (cycled).

After bias removal, a non-blocking interface remains, ruling out significant oxygen-ion conduction and
pointing to n-type electronic conduction via polaron hopping [56, 57]. Temperature-dependent EIS
(figure 2(b)) reveals activation energies between 0.49 and 0.57 eV, consistent with mixed ionic–electronic
conduction, dominated by polaronic transport in nanocrystalline ceria [58, 59]. The estimated grain size
(∼10 nm, table S2) aligns with reports of enhanced electronic conduction in nanostructured ceria [60, 61].
Additionally, a high-frequency component in 5CaDC, with an activation energy of 0.21 eV, further suggests
an electronic conduction mechanism.

Electrochemical changes are more pronounced in 5CaDC than in 10GdDC (figure 2(c)). While 10GdDC
shows a modest conductivity increase, 5CaDC exhibits a dramatic enhancement by several orders of
magnitude (figure 2(b)), with its polarization dominated by Maxwell–Wagner–Sillars behavior (figure S12)
[62]. Upon bias removal, 5CaDC retains its low-resistance state (figure S13), suggesting a high density of
mobile charge carriers and polaronic resistive switching. This aligns with the limited oxygen defect mobility
at low temperatures (<50 ◦C) [63] and the blocking effects introduced by nanocrystallinity [64]. The
hysteretic behavior observed during heating and cooling (figures S14 and S15) further supports the strong
electrochemical reactivity of these thin films, likely influenced by TiO2 modifications at the interface.

Polaronic transport typically involves a conductive, non-volatile filament between electrodes, reducing
resistivity [65]. However, filamentary switching typically occurs only in films thinner than 50 nm, making it
unlikely in this work. Instead, the observed polaronic conduction was either intrinsic or induced by redox
processes. Since 10GdDC and 5CaDC exhibit activation energies consistent with n-type conduction [24],
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their pristine-state conductivity suggests further changes stemming from interfacial or electrochemical
modifications.

The strong polaronic character and similar electromechanical responses of both samples suggest a
correlation between these properties. In ceria, polaron hopping involves Ce3+/Ce4+ switching, inducing
mechanical strain waves due to ionic radius differences (1.14 Å vs 0.97 Å) [26]. This effect couples electrical
and mechanical responses independent of dopant type or concentration. While V··

O contribute, Ce
′

Ce defects
may also drive electromechanical coupling, a mechanism often overlooked in favor of vacancy-centered
models. Our results suggest that giant electromechanical coupling in ceria arises from both V··

O reorganization
and defect rearrangement at the cation site, aligning with recent studies on aliovalent doping [20, 21].

Despite their similar conductivities and activation energies (figure 2(b)), the bias-induced conductive
switching is more easily observed in 5CaDC, while in the 10GdDC samples is less pronounced (figure S13).
Such a difference may arise from 10GdDC’s higher Gd content (10% vs 5% Ca), which could introduce
electro-elastic barriers that hinder polaron formation. Additionally, stronger Ca2+–V··

O interactions might
enhance clustering effects [66], further influencing switching behavior.

3.3. Structure and defect chemistry
We use XRD and Raman spectroscopy analysis to characterize further the chemical and structural typically
associated with Ce

′

Ce species (figure 3). XRD on the (111) peak shows a substantial shift due to a larger lattice
in the materials (figure 3(a)). Such results confirm the i–XRD synchrotron data in figures 1(c) and (d),
excluding the effect of beam damage. Aligning with SEM observations, the films exhibit broad peaks with
multiple diffractions (figure S13), indicating nanometric grains and polycrystallinity. The average crystallite
sizes were estimated by the Scherrer equation [67, 68] to be 9.6(25) nm and 7.7(29) nm for 10GdDC and
5CaDC, respectively. The grain sizes derived from XRD align with SEM observations, revealing nano-sized
grains with a columnar microstructure characteristic of low-temperature sputtered ceria film deposition [13,
14, 44, 46, 69]. Both films exhibit unit cell parameters larger than the reference values calculated using Kim’s
expression [70], measured at 5.528(13) Å and 5.476(7) Å for 10GdDC and 5CaDC, respectively (table S2).
Unit cell volume expansion is commonly reported for nanostructured ceramics and is linked to the higher
fraction of grain boundaries and point defects [71]. The presence of nanograins in the sample can stabilize
higher concentrations of Ce

′

Ce, which induces lattice expansion due to the larger ionic radius of Ce3+

compared to the host Ce4+ [72].
Ceria exhibits an intrinsic Raman mode at 465 cm−1 (F2g), which is associated with oxygen ionic

vibrations around Ce4+ cations in the fluorite lattice [73] (figure 3(b)). For doped and defective materials,
additional Raman modes are activated, with bands at 550 cm−1 (∆550) and 600 cm−1 (∆600) typically
linked to point defects, such as dopant substitution, V··

O, and Ce
′

Ce [6, 74].
The 10GdDC and 5CaDC samples show significantly more intense defect bands than previous reports on

microcrystalline ceria [7], indicating a higher concentration of point defects. Notably, the 10GdDC sample
exhibits a considerably more intense defect band than the 5CaDC (table S3), which aligns with the larger unit
cell expansion observed in the XRD results. Additionally, the larger F2g drift for the 10GdDC to lower
wavelengths indicates a lattice expansion, aligning with XRD results. While both 10GdDC and 5CaDC films
are expected to have a higher concentration of defects due to their nanostructure and deposition under an
oxygen-depleted atmosphere, the observed difference between the Ca- and Gd-doped films remains unclear.
Whether this difference arises from dopant-defect interactions or from the different dopant concentrations
used to maintain a constant nominal extrinsic oxygen deficiency (5%) is uncertain.

In summary, XRD and Raman spectroscopy results point to nanocrystalline films with point defect
concentration exceeding the nominal predicted by the corresponding aliovalent doping for 10GdDC and
5CaDC. These results particularly indicate an oxygen-deficient system with high Ce

′

Ce point defect
concentration. This observation reinforces the polaronic-dominated electrical properties observed in
figure 2.

3.4. Electro-chemo-mechanical coupling
We further probe the electro–chemo–mechanical coupling in the 10GdDC thin films by characterizing their
dielectric properties in both pristine and biased states, as shown in figure 4. Upon applying bias, the
imaginary relative dielectric permittivity (ε ′ ′

r ) sharply increases and maintains an approximately constant
value, even under bias reversal. This behavior indicates an enhancement in charge carrier mobility rather
than an increase in carrier concentration, which would require slower electrochemical processes. It has been
reported that bias can significantly increase the carrier mobility in oxides [75]. Specifically, for ceria-based
films, bias has been shown to block ionic conduction due to the segregation of V··

O at grain boundaries and
interfaces while opening parallel paths for electronic conduction [45]. However, this effect has only been
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Figure 3. (a) XRD and (b) Raman spectroscopy patterns measured for the pristine 10GdDC and 5CaDC nanocrystalline thin
films. (a) The blue line illustrates a standard diffraction pattern for CeO2 (Fm3̄m, ICSD #248840) [9]. (b) The colored regions
highlight the zone of influence for the F2g mode and defect bands (∆550 and∆600).

demonstrated for microcrystalline ceramics. Our results for the nanocrystalline ceria films show that bias
significantly enhances overall conductivity.

The 5CaDC sample exhibits a response similar to that of 10GdDC, with a sharp increase in ε ′ ′
r under

bias. However, unlike 10GdDC, 5CaDC does not return to its original behavior after bias removal, as ε ′ ′
r

remains elevated, indicating a non-volatile response likely due to irreversible electrochemical changes.
Additionally, the sample shows an increase in ε ′

r following bias application, further suggesting that it occurs
via polarization mechanisms (figure S12). This observation is consistent with the previously discussed EIS
characterization, as seen in figure 2.

When the samples are exposed to high electric fields (bias) for extended periods (≈ hours), the electrical
response becomes unstable and exhibits hysteretic behavior. This is particularly evident in figure 4(a), where,
after removing the electric field, the sample shows transient behavior that was not present during the bias
application. This indicates that a slow process occurred while the bias was active. The electrical
characterization also showed hysteresis after a thermal cycle and bias (figures S13 and S15), highlighting the
high reactivity of the pristine samples. Therefore, prolonged bias application likely induces electrochemical
changes in ceria.

Parallel features become apparent when comparing the dielectric results with the electromechanical
response (figures 4(b) and (c)). After prolonged exposure to a bias (3 V) over an extended period (hours),
the sample exhibits intrinsic 1st and 2nd harmonic responses. The 2nd harmonic response is expected due to
the quadratic coupling between polarization and strain in electrostrictors [4]. The 1st harmonic response is
typically linked to piezoelectric behavior [76], although its presence does not necessarily imply
piezoelectricity as in dielectrics. Electrostrictors can also show a first-order response when a bias is applied,
which ‘linearizes’ the electrostrictive response, often called pseudo-piezoelectricity [13, 14]. This effect is
observed in figure 4(b), where the bias application enhances the instantaneous 1st harmonic response.
However, a weaker first-harmonic response is also observed before bias application, suggesting the presence
of a ‘remanent’ built-in bias. This phenomenon has been reported previously [47] and can be induced in thin
films due to electrochemical heterogeneity. The built-in response was absent from the pristine samples
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Figure 4. (a) Real (ε ′
r ) and Imaginary (ε ′ ′

r ) dielectric permittivity variation upon bias cycling for the 10GdDC at 1 Hz. (b)
Measured and FTT filtered 10GdDC cantilever displacement over time upon application of a bias. (c) Displacement amplitude of
1st and 2nd order electrostrictive response upon bias cycling.

(figure S17) and emerged after bias cycling. Previous electrochemical characterization (figure 2) indicated
that nanocrystalline films are susceptible to electrochemical changes, leading to the observed built-in
first-order electromechanical response.

Additionally, a comparison between ε ′ ′
r (figure 4(a)) and cantilever displacement at first and second

harmonics (figure 4(c)) reveals further similarities. Both measurements show a small difference in the
measured magnitude between positive and negative bias, which is directly attributed to the built-in bias,
offsetting the internal polarization depending on the applied field direction. Given the association between
polarization, conduction mechanisms, and polaronic features, polarons likely play a role in the observed
electromechanical coupling.

3.5. Discussion on polaronic driven electromechanical coupling
Overall, 10GdDC and 5CaDC crystallographic and electrical properties point to a highly defective system
dominated by electronic conduction via polaron hopping enabled by the high population of Ce

′

Ce electronic
defects, which are stabilized by the nanostructured films [23].

While Ce
′

Ce is fundamentally an electronic defect, it forms through the recombination of an electronic
charge carrier with a lattice ion residing at the cation site of the fluorite. This defect configuration not only
gives rise to the observed polaronic electronic conduction but also couples electrical stimuli to mechanical
strain due to the significant ionic radius mismatch between Ce3+ and Ce4+. As a result, polaronic transport
and defect reconfiguration within the material induce a substantial mechanical response.

The similar defect chemistry configurations in both samples may explain why both films exhibit similar
electromechanical performance, regardless of the dopant, as observed in bulk materials [7]. It has been
previously reported that enhanced polaronic conductivity can induce a frequency-independent response
[77]. Furthermore, when comparing ceria films prepared under different conditions, it was found that
nanocrystalline materials exhibit enhanced electromechanical coupling compared to higher crystallinity
systems [44].

We find a correlation between polaron-dominated ceria thin films and giant electrostriction, suggesting a
dependence on Ce

′

Ce rather than V··
O. A clear distinction between the contributions of these two types of

defects is not trivial, as Ce
′

Ce is often accompanied by to maintain charge balance in the lattice. However, our
work aligns with recent studies on non-oxygen defective ceria. Enhanced and frequency-independent
electromechanical responses have been observed in polaronic-dominated ceramics, such as Pr-doped ceria,
where Pr4 + −Pr3 + pairs are responsible for significant electronic conductivity [77]. Additionally, aliovalent
doping, e.g. Zr4+, has been shown to induce extremely high electrostriction (∼10−16 m2 V−2) due to the
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mobility of Zr4+ sites in the lattice under an applied electric field [20]. Interestingly, the presence of oxygen
vacancies significantly hampers the electrochemical performance in aliovalent-doped ceria [21].

Therefore, we propose that the large electromechanical coupling in ceria is correlated with dynamic
electro-elastic sites rather than oxygen vacancies alone. While oxygen defects do seem to play a role,
especially at low frequencies for specific compositions [7, 12, 78], electromechanical coupling may also be
influenced by defects on the cation site of ceria, such as Ce

′

Ce or dopant substitution. These cation-site defects
do not only create electrostatic and elastic dipoles, but polaronic mechanisms also tend to dominate at low
temperatures due to their lower activation energy [61, 79]. While linking giant electrostriction in defective
ceria oxides to cationic defects does not automatically explain all observed effects, this new perspective may
provide a better understanding and enable tailoring these materials’ properties.

4. Conclusions

In conclusion, both 10GdDC and 5CaDC samples exhibit a nanometric morphology due to low-temperature
deposition in an oxygen-depleted atmosphere, resulting in a high density of point defects, such as Ce

′

Ce and
V··
O, as demonstrated by XRD and Raman characterizations. Despite differences in dopant, both samples

show a similar electrostrictive response, suggesting that dopant interactions are not the dominant factor in
the defect chemistry of these materials. Additionally, both compositions exhibit comparable electrical
properties and conductivity, with an activation energy of approximately 0.5 eV. This lower activation energy
indicates mixed ionic–electronic conductivity, with a dominant electronic contribution linked to polaron
hopping.

A key finding of this work is that the observed electromechanical coupling in ceria-based materials arises
not solely from oxygen vacancy migration, as traditionally assumed, but also from defect reorganization at
the cation site. The predominance of polaronic mechanisms in both polarization and conduction processes
suggests that electronic defects, particularly Ce

′

Ce, may play a critical role in inducing the large
electromechanical response. This insight introduces a new perspective in the field, challenging the
conventional vacancy-centered models and highlighting the contribution of polaronic conduction to the
coupling of electrical and mechanical properties.

By identifying the role of cation-site defects in promoting electromechanical behavior, this study provides
a novel framework for understanding defect-driven electromechanical interactions in ceria-based materials.
These findings offer new design principles for optimizing functional oxides for applications in energy devices
and electromechanical actuators. Furthermore, they align with recent reports on aliovalent doping effects,
reinforcing the need to consider multiple defect types beyond oxygen vacancies when developing ceria-based
electroactive materials.
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