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Piezoelectrics are materials that linearly deform in response to an applied electric field. As a fundamental
prerequisite, piezoelectric materials must have a noncentrosymmetric crystal structure. For more
than a century, this has remained a major obstacle for finding piezoelectric materials. We circumvented
this limitation by breaking the crystallographic symmetry and inducing large and sustainable
piezoelectric effects in centrosymmetric materials by the electric field–induced rearrangement of
oxygen vacancies. Our results show the generation of extraordinarily large piezoelectric responses
[with piezoelectric strain coefficients (d33) of ~200,000 picometers per volt at millihertz frequencies]
in cubic fluorite gadolinium-doped CeO2−x films, which are two orders of magnitude larger than the
responses observed in the presently best-known lead-based piezoelectric relaxor–ferroelectric oxide at
kilohertz frequencies. These findings provide opportunities to design piezoelectric materials from
environmentally friendly centrosymmetric ones.

T
he fundamental principle of electrostric-
tion and piezoelectric effects stems from
small deformations of the crystal unit
cell by an applied electric field. The latter
effect also provides charge separation

under mechanical pressure (1). The associated
displacements of atoms are in the picometer
range, so atoms remain confined around their
original crystallographic sites. Piezoelectricity
is of high technological and industrial impor-
tance and is used in a vast number of appli-
cations, such as medical devices, actuators,

and sensors (2). Motivations to augment the
piezoelectric response, which requires mate-
rials with a noncentrosymmetric structure,
are therefore compelling. Among piezoelectric
materials, perovskite-type oxides are themost
widely used and exhibit excellent piezoelectric
responses. Several routes to achieve the highest
electromechanical response in these materials
have been pursued, including control of the
material’s structural instability at specific
chemical compositions (e.g., morphotropic
phase boundary) and associated polarization

rotation and domain engineering (3), chemical
disorder (4), and nanocomposite structures
(5). All of these strategies demonstrate the
possibility for improving the piezoelectric
response within an order of magnitude with
respect to that of the industrial standard,
Pb(Zr,Ti)O3 (PZT) (6).
The piezoelectric effect can be induced in

centrosymmetric materials by applying a
direct electric field that breaks the inver-
sion symmetry (7, 8). This approach has been
revived recently by applying asymmetric elec-
trodes on centrosymmetric samples, creating
different Schottky barriers at the electrodes
(9). This approach has the potential to widen
the number of prospective electromechanical
materials beyond the traditionally dominat-
ing ferroelectric lead-based perovskites, but
the resulting response is still one to two orders
of magnitude lower than that of PZT. An-
other attempt to induce the effect suggests
using the electric field–assisted exchange
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Fig. 1. Electric field–induced electrostrictive
responses of CGO film. (A) Schematics of the
experimental setup, which combines electrical and
electromechanical measurements for the CGO
samples. The equivalent circuit shows the voltage
source, Vin; the voltage amplifier; the CGO capacitor,
CS, with resistance, RS; an external resistor, Rex;
the current, IR, flowing through Rex and the
sample; and the output voltage, Vout, across Rex.
(B) Electrical and electromechanical outputs: (i)
the applied EAC = 0.5 MV/cm at f = 3 mHz
(dashed line), (ii) the corresponding J (solid line),
(iii) the derived charge density D (red solid line),
and (iv) the concurrently measured second harmonic
electromechanical response DL of the samples
(blue circle in lower panel). The measured DL
in time was fitted by DL = L0sin

2(wt+f) as
depicted by the solid yellow line. (C) Frequency-
dependent M33 of the CGO film, excited by
EAC = 0.5 MV/cm.
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of oxygen with the ambient atmosphere in
oxygen-nonstoichiometric fluorite structures
(Y-doped ZrO2 or Re

+3-doped CeO2, where Re
is a rare earth element) (10). The oxygen ex-
change (release) results in chemical expan-
sion of the films, leading to bending of thin
materials and thus the strain–electrical field
(x versus E) relationship, which mimics the
piezoelectric effect. The strains achieved are
comparable to those in PZT. The field-induced
motion of charge carriers takes place over a
long range (size of the sample), and the effect
is large only at high temperatures (>500°C)
and low frequencies (below ~1 Hz), where
ionic diffusion is sufficiently large. Addi-
tionally, some fluorite oxides (e.g., doped
CeO2) were reported to exhibit electrostric-
tive coefficients that are about two orders of
magnitude higher than expected values from
phenomenological relations between electro-
strictive coefficient and elastic and dielectric
susceptibilities (11). The origin of this large
electrostriction has not yet been entirely elu-

cidated, but the electric field–inducedmechan-
ical deformation is certainly related to the
presence and short-range motion of oxygen
vacancies (12–14).
We demonstrate a paradigm shift for achiev-

ing large, electric field–induced piezoelectricity
in centrosymmetric materials. We show that
for Gd-doped CeO2−x (CGO) films, which have
a cubic fluorite centrosymmetric structure, we
can achieve very high values of the electric
field–induced piezoelectric strain (x ~ 26%)
and apparent longitudinal piezoelectric coef-
ficients (d33 of ~200,000 pm/V). This latter
value, measured in the millihertz range, is
two to three orders of magnitude larger than
that observed in the best piezoelectric perov-
skite oxides—e.g., Pb(Mg1/3Nb2/3)O3-PbTiO3

with d33 ≈ 2000 pm/V (3). Notably, and rele-
vant for applications, the induced effect is
comparable to that in the best PZT thin films
(~100 pm/V) in the kilohertz range (15). We
argue that the change in the strainmechanism
from the short-range lattice or ionic defect–

based mechanism above 10 Hz to the one at
low frequencies, is based on distinct actions
of the long-range migration of ions (oxygen
vacancies, VO) and electrons. Our results show
that the electric field–induced redistribution
of mobile charges in the films leads to crystal
phase transition, associated with chemical
expansion, andmaterial heterogeneity. These
combined effects result in giant piezoelectric
and electrostrictive responses and point toward
a previously unknown electromechanical
mechanism in centrosymmetric fluorites and
materials with large ionic and electronic con-
ductivity in general.
We deposited polycrystalline (Gd0.2Ce0.8)O2−x

films on Al/SiO2/Si(100) substrate at room
temperature by sputter deposition ( F1Fig. 1A).
The CGO films had thicknesses in the range
of ~1.25 to ~1.8 mm (fig. S1) (16). The elec-
trostrictive strain for a sample of length L is
defined as

x ¼ DL=L ¼ ME2 ð1Þ
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Fig. 2. The induced piezoelectric displacements in CGO films. (A) A
schematic for the electric field application to CGO film in out-of-plane capacitor
geometry, which is simultaneously composed of a small driving AC field
(EAC) and a large static DC field (EDC). The induced in-phase strain (x33) in the
film is determined by the polarity of the applied DC bias. (B) Time-resolved
first harmonic electromechanical displacements of the CGO film, measured at
~10 mHz (9.4 mHz) and excited by EAC =15.71 kV/cm under EDC = ±0.47 MV/cm.

The polarity of the DC field switches the sign of the piezoelectric coefficient. The
measured DL in time was fitted by the first-order sine function, DL = L0sin(wt-f),
as depicted by the solid red and blue lines. (C) The corresponding fast
Fourier transform (FFT) amplitude spectra of the generated first harmonic
displacements as a function of frequency. a.u., arbitrary units. (D) Variations
in the x33 and response phase angle of the film as a function of DC field
while applying a constant EAC (15.71 kV/cm).
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where x is the out-of-plane strain of the film,
DL is the thickness change, M is the corre-
sponding electrostrictive coefficient, and E is
the alternated electric field (AC, alternating
current) applied between the film’s top and
bottom electrodes. E = EAC(t) = EACsin(2pft),
where f is the frequency and t is time. We
used two different top electrodes, Al (~150 nm)
and Pt (~150 nm)/Cr (~20 nm) layers, to study
the effect of asymmetric electrodes on the
polarization (fig. S2C). Electrical (current
density J versus electric field E) and electro-
mechanical (strain x versus E) measurements
on the films were performed on out-of-plane
capacitor geometry. We measured the strain
x using a contactless fiber-optic method (16).
We confirmed the electromechanical displace-
ments using another setup with direct contact
measurements (supplementary text, section 1).
All of the instrumental artifacts and external
effects (e.g., bending and Joule heating effects)
have negligible influence, and thus the dom-
inant contribution to the induced strain is
originated only from the electromechanical
response of the films (figs. S2 and S3).
We show the measured DL with the second

harmonic response and an offset as obtained

from sin 2pftð Þ½ �2 ¼ 1
2 1� cos 4pftð Þ½ � (Fig. 1B).

We measured the electric current density J
through the film simultaneously with the
change in the length DL and charge density
D ¼ ∫Jdt (Fig. 1B; supplementary text, section 2;
and fig. S4B) (16).We performedmeasurements
of electrostriction across a range of frequencies
from 3 mHz to 1 kHz. The electrostrictive
coefficientM, whichwe determined using Eq. 1,
shows anotably complex frequencydependence
(Fig. 1C). This clearly indicates that at least three
different contributions to the electrostriction
exist in these samples (Fig. 1C and fig. S4).
We suggest that the strong rate-dependent
contributions to strain can be attributed to
the existence of mobile ionic species (VO) in
the CGO film, as implied by a similar behavior
in the AC conductivity (figs. S4 and S5).
The inversion symmetry in CGO can be

broken by applying an electric field bias EDC

(DC, direct current), leading to asymmetric
charge distribution and induced polariza-
tion Pind in the material (F2 Fig. 2A) (1). We can
explain this by replacing field E in Eq. 1 with
E = E(t)AC + EDC

x ¼ ME2
DC þME2

AC þ 2MEDCð ÞEAC ð2Þ

The first and second term describe electro-
strictive deformations, and the third term is
the symmetry-breaking term with the field-
induced piezoelectric coefficient, dind = 2MEDC.
The CGO has a centrosymmetric cubic flu-

orite structure in the ground state and is not
piezoelectric. However, we observed the piezo-
electric displacement term (dind = 2MEDC) in
our CGO films upon application of electric
field bias (Fig. 2B) for EDC = ±0.47 MV/cm and
EAC = 15.71 kV/cm.We observe a clear presence
of the first harmonic deformation as well as a
180° phase shift when changing the sign of
EDC, which correspond to the induced piezo-
electric effect. In this case, we do not observe
the electrostrictive displacements (second
harmonic) (Fig. 2, B and C) because of a very
small amplitude of EAC (compared with EAC

in Fig. 1A). Once the EAC is comparable to or
higher than EDC, we observed an asymmetric
response comprising both the first and the
second harmonics (fig. S6). Measuring the
piezoelectric strain of the CGO sample as a
function of EDC (in the range of ±0.47 MV/cm)
while keeping the same electric field EAC

(15.71 kV/cm) at 10 mHz clearly shows that
the applied EDC tunes the piezoelectric AC
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Fig. 3. Frequency-dependent
piezoelectric susceptibility
of CGO film. (A) The first
harmonic electromechanical
susceptibility d33j j of the
CGO film as a function of f
(10 mHz ≤ f ≤ 1 kHz), excited
by a constant driving AC
field (EAC = 15.71 kV/cm)
and different static DC fields
(EDC = +0.47, +0.72, and
+1.00 MV/cm). (B) Linear
piezoelectric strain of the CGO
film as a function of EAC with
various EDC, measured at 1 kHz.
(C) d33j j and M33j j of the
film, simultaneously measured
by applying a combined electric
field, EAC = 15.71 kV/cm and
EDC = +1.00 MV/cm, in the
frequency range from 10 mHz
to 1 kHz. The inset describes
the field-enforced defect
dynamics, polarization
reorientation, and the following
permittivity variations in CGO.
(D) Ratios of d33j j to M33j j
as a function of f, expected
to be 2EDC in the relation
of dind = 2MindEDC.
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strain, reaching values of up to 2.15% (dind ~
13,700 pm/V) (Fig. 2D). The nonlinear depen-
dence of the AC strain on EDC (Fig. 2D) reflects
the fundamental nature of the electrostriction
coupling to polarization and not directly to
the field. Furthermore, the on-off control of
piezoelectricity and electrostriction and the
tuning of the electromechanical response can
be sustained for at least several hours without
any sign of degradation (figs. S7 and S8).
We show the piezoelectric coefficients of

the CGO sample, determined as a function of
frequency (from 10 mHz to 1 kHz), for differ-
ent fieldsEDC—e.g., 0.47, 0.72, and 1.00MV/cm
(F3 Fig. 3A). The results are notable when com-
pared with the frequency-independent re-
sponse in conventional piezoelectric materials
(e.g., PZT) and a bismuth titanate–based ce-
ramic (fig. S9). First, the piezoelectric coeffi-
cient reaches giant values at low frequencies,
approaching ~200,000 pm/V with increas-
ing EDC. For comparison, the piezoelectric
coefficient in the best commercial single crys-
tals of Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT)
is ~2000 pm/V and is ~200 to 500 pm/V in
PZT ceramics (3). Notably, the values around
100 pm/V, measured at 1 kHz in our films,
are comparable to those of PZT thin films (15).
This is the frequency range of interest for
many actuator applications.We observed clear
high-f (1 kHz) piezoelectric responses for the
CGO film with a linear relation following x =
dindEAC, whereas the dind varies with applied
EDC, as expected (Fig. 3B).
Further insight into the electric field–induced

piezoelectric response of the CGO can be ob-

tained from the piezoelectric term of Eq. 2,
from which one can derive

dind ¼ 2MEDC ¼ 2eQPind ð3Þ

where e is the dielectric permittivity;Q is the
polarization-related electrostrictive constant,
x ¼ QP2

ind (17); Pind = eEDC is the induced po-
larization; and M = e2Q. Equation 3 generally
holds verywell for centrosymmetricmaterials—
for example, for perovskite relaxors (7) and
Schottky barrier–induced piezoelectric effect
(9). We show the simultaneously measured
piezoelectric and electrostrictive coefficients
over a wide frequency range (Fig. 3C). The
ratio of dj j= Mj j is expected from Eq. 3 to be
equal to 2EDC. We see a good agreement
dj j= Mj j ≈ 2EDCð Þ for f≥ 10Hz (Fig. 3D), where-

as the ratio is lower at low frequencies (f≤ 1Hz).
Consequently, these data indicate the presence
of a rate-dependent mechanism that is trig-
gered by the application of EDC and that is
assisted by the application of quasi-static
EAC at low frequencies. The relationship
dind = 2eQPind is considered fundamental
and always holds (1, 17) where the polar-
ization response is controlled by small os-
cillations of ions and electrons near their
equilibrium lattice sites. Our results show
that good agreement between the calculated
and the measuredM and d values holds over
the frequency range where apparent polar-

ization and permittivity eij ¼ @Pi
@Ej

� �
are dom-

inated by the rate-dependent migration of V••
O

(supplementary text, section 3, and figs. S10

and S11) (16). The introduction of aliovalent
dopants, e.g., Gd3+ in CeO2, produces nega-
tive charges and requires 1/2 oxygen vacancy
for maintaining charge neutrality; in Kröger-
Vink notation (18), this can be written as
Ce�0:8�2yCe

0
2yðGd

0
CdÞ0:2O�

1:9�yðV··
OÞ0:1þy , where

ðGd0
CeÞ ¼ 2ðV··

OÞ. The additional oxygen va-
cancies (y) produced during preparation and
charge compensated by Ce+3 are arguably
more mobile than those associated with Gd
(14, 19), at least at weaker fields. Notably, both
the motion of V··

O and polarons hopping from
Ce+3 to Ce+4 have a substantial effect on local
lattice strain through chemical expansion as
well as on polarization (20). From symmetry
arguments, only those defects that are simul-
taneously electric and elastic dipoles can
contribute to the piezoelectric effect (21). We
observed evidence for charge transport in the
electrical conductivity of the CGO films typical
for hopping-like ion conduction below 1 kHz.
The ionic conductivity greatly increases by
applying higher fields (both EAC and EDC) (fig.
S4C and fig. S12). The conductivity seems to
contribute to the giant apparent dielectric
permittivity erj j ∼ 109ð Þof the system when
f → 0. Therefore, the defect migration is en-
hanced by the static EDC field and the quasi-
static EAC and contributes substantially to
the large permittivity, leading to exceptionally
large M and d at low frequencies. Notably,
the approach for CGOwith an electric field is
generally also valid for other systems with
centrosymmetric fluorite structures in films
and bulk. We also show that piezoelectric
response can be induced in a YSZ film, YSZ
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Fig. 4. Effect of VO redistribution in centrosymmetric fluorite CGO film.
(A) XRD 2q patterns of the polycrystalline CGO film under various in situ EDC
applications (0, 0.4, 0.8, and 1.0 MV/cm). Schematic shows the in situ XRD
measurement setup using a laboratory-source x-ray (l = 1.54056 Å) and top
electrode area (~10%) at the surface, which was connected to the applied

electric fields. Under EDC ≥ 0.8 MV/cm, diffraction peaks were visible at 2q =
28.3°, 32.6°, and 46.9°, which are assigned to (002), (110), and (200) reflections
of a tetragonal phase of CGO, respectively. (B) Schematics for the phase
transition of CGO from cubic to tetragonal phase through the field-induced
redistribution of mobile positively charged VO (+).
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and CGO ceramics, as well as CGO films pre-
pared by a different deposition technique (figs.
S13 to S15). The obtained piezoelectric coef-
ficients of 10 to 100 pm/V in the frequency
range of f = 1 Hz to 1 kHz are comparable to
those presently used in microelectromechan-
ical systems (MEMS) device applications with
materials based on (Al,Sc)N and PZT (15),
which indicates the strength of the proposed
methodology.
To understand the relationship between

the rearrangement of oxygen defects and the
associated large low-frequency strain in the
CGO films, we conducted in situ x-ray diffrac-
tion (XRD) measurements under the applica-
tion of different EDC electric fields. In these
experiments, we directly observed partial trans-
formation of initial highly strained cubic-like
CGO [a(C) = b(C) = c(C) = 5.61 Å, a = b = g = 90°
for Z = 4, where Z is the number of formula
units in the unit cell] into a tetragonal phase
[a(T) = b(T) = 3.94 Å, c(T) = 6.42 Å, a = b = g =
90° for Z = 2]. For example, there was a grad-
ual appearance of the peak at 2q ~ 32° when
the applied electric field (0 to 1 MV/cm) was
gradually increased (F4 Fig. 4A; fig. S16; and sup-
plementary text, section 4) (16). During the
transformation, the base plane of the CGOunit
cell shrinks by −0.73%, and the c axis expands
by +14.39%, which results in a volume increase
of +12.73% (supplementary text, section 4).
These results explain and support the large
positive strain observed along the electric
field, applied along the crystallographic [001]
direction, as well as the large compressive
stress observed in the film plane. A similar
electric field–induced phase transition has
been reported in Y-doped ZrO2 (YSZ) at 550°C
(22). However, in our case, the effect was ob-
served at room temperature and the resulting
strains are much larger than the one reported
in (22). In analogy to YSZ, the phase transition
occurs because two oxygen sublattices are re-
arranged along the c direction in that two oxy-
gen atoms move up and the others two move
down while keeping a rotation symmetry of
2. The vertical spacings between O sites re-
main at c/2, resulting in a screw axis 42 along
with c. This alternating shifting of O columns
leads to a large expansion of the c axis. In YSZ,
this mechanismwas found to be triggered by
a high VO concentration (23, 24), whereas in
ceria it is believed to also be associated with
a high Ce′ (Ce3+) concentration because in
both cases (oxygen vacancy formation and
the following change of host cation radii) the
Coulombic attraction in the ionic matter is
reduced (20).
These experimental results together with

our measured dielectric data (fig. S12) indi-
cate that a field-driven defect redistribution
in the film is accompanied by a partial phase
transition from a cubic to a tetragonal phase
accompanied with a large volumetric increase.

These results are supported by the recentwork
of Zhu et al. (25), which showed experimen-
tally and theoretically that oxygen vacancies
play an essential role in the stabilization of
the tetragonal phase in ceria. This suggests
that the same mechanism is likely to occur
in Gd-doped CeO2, which may be even more
susceptible to phase transition owing to a
higher level of oxygen vacancies, leading to
an electric field–driven tetragonal phase. The
field-induced heterogeneity in the material is
probably accompanied by Maxwell-Wagner
dielectric and electromechanical effects (26),
which, together with phase transition and
chemical expansion (20), contribute to the
field-induced strain and polarization. On
the basis of the above results, the emergent
piezoelectric behavior in Gd-doped ceria de-
pends directly on the rate-dependent VO

motion on different scales (fig. S17). The se-
lection of different aliovalent dopants and
codoping, which can stabilize and control
the presence of oxygen vacancies within an
oxide material, could be an important strat-
egy to generate sustainable large piezoelec-
tricity using a similar working mechanism as
demonstrated here.
We show the possibility of generating ex-

traordinarily high piezoelectricity in intrin-
sically centrosymmetric nonstoichiometric
oxides (fluorites) by the electric field–induced
redistribution of mobile VO. Our results show
giant low-frequency piezoelectricity (up to
d 33 ~ 200,000 pm/V) in CGO films, induced
by the concurrent application of alternating
and static electric fields. Furthermore, we
show a direct way to achieve selective elec-
tromechanical conversion in centrosymmetric
materials—i.e., either pure and large electro-
striction, pure and giant piezoelectricity, or
mixed response under controlled electric fields.
Controlling chemical expansion, phase tran-
sitions, diffusion, and redistribution of mobile
ionic species in centrosymmetric ionic mate-
rials by electric field is a phenomenological
concept with aims to induce large electro-
mechanical conversion, which can be extended
to other material systems. Our findings pro-
vide a paradigm shift in piezoelectricity by
utilizing centrosymmetricmaterials with large
ionic mobility, which opens up a path for a
wide range of potential electromechanical,
environmentally friendly, and biocompatible
materials for applications in actuators and
sensors.
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Induced giant piezoelectricity in centrosymmetric oxides
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A surprising way to detect strain
Piezoelectric materials usually rely on their crystal structure alone to create electrical charge in response to strain.
This makes the materials attractive for a variety of sensing applications. Park et al. present a different strategy by
introducing gadolinium into non-piezoelectric cerium dioxide (see the Perspective by Li). This approach also creates
oxygen vacancies that turn the material into one with a frequency-dependent piezoelectric effect under a static electric
field. The size of the effect is similar to that of commercial piezoelectric materials, and the strategy should work more
generally for a wide class of materials. —BG
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