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activity of ceria: the temporal, thermal, 
and compositional influence on the mate-
rial elasticity was little examined. How-
ever, during the last decade, considerable 
interest has developed in doped ceria as an 
essential component in micrometer-sized 
fuel cells,[6] sensors, and even electrome-
chanical actuators.[7] These scaled-down 
devices demand particularly precise 
mechanical engineering, e.g., because 
thermal cycling of ceria films during 
device operation can be associated with 
the generation of unpredictable mechan-
ical strain. To give an example, the linear 
thermal expansion coefficient of undoped 
ceria is ≈11 × 10−6 K−1, which predicts that 
heating from 300 to 500 K will generate 
strain 0.22%. The fractional linear expan-
sion of silicon within the same tempera-
ture range is only 0.063%; and therefore, 
heating a ceria film deposited on a silicon 
substrate would produce in-plane com-
pressive strain in the film of 0.16%. Taking 
into account that the literature value for 
the elastic (Young’s) modulus of undoped 
ceria is ≈200–300 GPa[8–11] and that Pois-

son’s ratio is 0.28, a thin film of ceria should develop in-plane 
compressive stress ≈430 MPa. A ceria film with thickness on 
the order of a few hundred nanometers cannot sustain such 
stress: the elastic energy stored exceeds typical adhesion energy. 
Therefore, the film would be expected to delaminate from the 
substrate, i.e., blister. However, delamination is not observed; 
and as discussed below, there is evidence from measurements 
of the substrate curvature that, following thermal cycling, the 
anelastic properties of oxygen-deficient ceria appear to reduce 
the relaxed biaxial Young’s modulus of the substrate-supported 
films to much lower values.

Point defects in solids can give rise to anelastic behavior—
i.e., the material completely recovers from deformation due 
to anisotropic application of stress, but with variable rates of 
strain release—provided that the defects behave as elastic 
dipoles, producing an anisotropic, local distortion of the crystal 
lattice. When thin films of ceria experience substrate clamping, 
only in-plane stress components are present. The in-plane 
strain is fully recoverable if and when the substrate is removed. 
Similarly, if ceramics are subjected to arbitrary mechanical 
loading (not necessarily isostatic), lattice deformation is fully 
recoverable, unless loading is performed at very high tempera-
tures (above 1000 °C) when dislocation movement and grain 
boundary creep induce plastic (irrecoverable) deformation. 

Room-temperature mechanical properties of thin films and ceramics of doped 
and undoped ceria are reviewed with an emphasis on the anelastic behavior 
of the material. Notably, the unrelaxed Young’s modulus of Gd-doped ceria 
ceramics measured by ultrasonic pulse-echo techniques is >200 GPa, while 
the relaxed biaxial modulus, calculated from the stress/strain ratio of thin 
films, is ≈10 times smaller. Oxygen-deficient ceria exhibits a number of 
anelastic effects, such as hysteresis of the lattice parameter, strain-dependent 
Poisson’s ratio, room-temperature creep, and nonclassical electrostriction. 
Methods of measuring these properties are discussed, as well as the 
applicability of Raman spectroscopy for evaluating strain in thin films of 
Gd-doped ceria. Special attention is paid to detection of the time dependence 
of anelastic effects. Both the practical advantages and disadvantages of 
anelasticity on the design and stability of microscopic devices dependent 
on ceria thin films are discussed, and methods of mitigating the latter are 
suggested, with the aim of providing a cautionary note for materials scientists 
and engineers designing devices containing thin films or bulk ceria, as well 
as providing data-based constraints for theoreticians who are involved in 
modeling of the unusual electrical and electromechanical properties of 
undoped and doped ceria.
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1. Introduction: Point Defects and the Elasticity 
of Ceria

Thin films and ceramics of undoped and doped ceria have been 
the subject of many studies and review articles in the materials 
science literature. This persistent interest is due, at least in 
part, to the broad versatility of ceria in industrial applications: 
devices that require high levels of oxygen ion conductivity, e.g., 
fuel cells and sensors[1–3] as well as catalytic converters bene-
fiting from the redox properties of the Ce ion.[4,5] In the past, 
reviews have generally focused on the conductivity or catalytic 
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Introduction of a dopant ion produces local distortion of the 
lattice, which is present even in the absence of external stress. 
Since the lattice constant determined by XRD is actually an 
average of the total irradiated volume of the sample, the pres-
ence of dopants imposes an overall change in the lattice param-
eter, which may be viewed as isostatic strain. This isostatic 
strain is not accompanied by mechanical stress, and therefore 
does not modify mechanical response. On the other hand, local 
distortions have been viewed as the structural origin of the 
elastic dipoles, leading to the observed anelastic response to 
anisotropic stress. Consequently, no competition exists between 
these two factors: isostatic strain and substrate-induced com-
pressive in-plane strain.

The anisotropic application of elastic stress, as, for example, 
in mechanical oscillations, leads to thermally activated reorien-
tation of the elastic dipoles.[12] However, when the applied stress 
is isotropic or hydrostatic, then no change in the elastic dipolar 
strain fields would be expected and a time-dependent relaxation 
process should not occur. In industrially useful forms of ceria, 
point defects include oxygen vacancies and dopant atoms sub-
stituting for the host at cation positions and they can occupy 
a significant fraction of the lattice sites. The fluorite crystal 
lattice (Fm-3m) is tolerant toward ion substitution; therefore, 
ceria is able to accommodate a relatively large concentration of 
dopants. For instance, in a frequently studied doped ceria com-
position, Ce0.8Gd0.2O1.9, 20% of Ce ions are replaced by the alio-
valent dopant (Gd3+ ) and 5% of the oxygen sites are vacant. We 
note that a number of acronyms for the material composition 
may be found in the literature, e.g., Gd-doped ceria is referred 
to as xCGO, CGOx, or xGDC (used here), where x is the molar 
fraction of Gd. In undoped ceria, facile loss of oxygen and Ce 
redox reactions (Ce4+ ↔  Ce3+ ) can produce additional com-
plicating factors related to interaction between point defects. 
Nonstoichiometric, reduced ceria CeO2−x presents a rich phase 
diagram at temperatures between ambient and 700 K and as a 
function of oxygen partial pressure.[13,14] In a number of these 
crystal phases, neutron diffraction and reverse Monte Carlo 
modeling have shown that the oxygen vacancies preferentially 
align as pairs along the 〈111〉 direction rather than being ran-
domly distributed among the anion sites.[14] In Gd-, Sm-, or Nd-
doped ceria, onset of oxygen vacancy ordering occurs when the 
aliovalent dopant concentration requires (for charge compensa-
tion) that ≥6–10% of the oxygen sites are vacant,[15–17] resulting 
in a change from Fm-3m to the double fluorite lattice (Ia-3).

Thus, point defects on the anion and cation sublattices of 
ceria can result in thermal and mechanical properties that are 
both difficult to characterize experimentally and also to model. 
Although the most striking of these properties may be attributed 
to the anelasticity of the material, quantitatively describing the 
particular sources of the anelastic behavior of ceria is beyond 
the scope of this review. The early, insightful book-length trea-
tise on this topic by Nowick and Berry,[12] “Anelastic Relaxation 
in Crystalline Solids,” has provided the initial foundation for our 
approach. In spite of these difficulties, materials with a large 
concentration of point defects, interstitial as well as those located 
on lattice sites, are becoming of increasing practical interest. 
Responding to this challenge for the broad materials science 
community, we present a critical review of the results of meas-
urement protocols suited to the elastic properties of undoped 

and Gd-doped ceria ceramics and thin films, self-supported as 
well as substrate supported, under ambient conditions and at 
temperatures a few hundred degrees centigrade above ambient. 
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These techniques include impulse excitation technique (IET), 
nanoindentation, ultrasound pulse echo, Raman spectroscopy, 
and X-ray diffraction. How the mechanical properties of ceria 
may be related to the unanticipated electrostrictive activity is 
also discussed. Although providing the necessary constraints 
for atomic level modeling of the mechanical and electrome-
chanical properties of ceria has been a subject of investigation 
by synchrotron X-ray diffraction, X-ray absorption spectroscopy, 
and neutron diffraction, the number of such structural studies 
currently exceeds 100 and correlating these findings with the 
observable mechanical properties and with each other obviously 
requires more detailed consideration than can be accommodated 
here.

2. Elastic Anomalies of Doped and Reduced Ceria

2.1. Measuring the Elastic Moduli of Anelastic Solids

An anelastic solid is a thermodynamic solid (unlike plastic or vis-
coelastic solids, which are not), although unlike elastic materials, 
once the applied stress (thermal or mechanical) is removed, 
relaxation to the initial state is not immediate. Anelastic effects 
in doped ceria have a number of similarities to the well-studied 
cases of point defect–related anelastic relaxation, e.g., hydrogen 
in metals[18] or carbon in steel.[19] In these materials, which dis-
play the Snoek effect, relaxation times fall within a range cor-
responding to a few Hz–kHz. Therefore, the method most 
commonly used to detect anelasticity in these materials is by 
measuring the imaginary component of the elastic modulus (i.e., 
internal friction) with a dynamic mechanical analyzer (DMA) 
(see for instance ref. [20]). However, anelastic relaxation times 
in the case of doped or reduced ceria can cover a usually broad 
range, from milliseconds to many weeks, thereby rendering 
DMA measurements unsuitable, even in view of the fact that the 
latest generation of DMA instruments can work at frequencies as 
low as 10 mHz. Nevertheless, in spite of these difficulties, there 
are data indicating that the relaxed elastic moduli of Gd-doped 
ceria are considerably smaller than the unrelaxed moduli.[21–23]

2.2. Unrelaxed Elastic Moduli of Undoped and Gd-Doped Ceria

What may be termed the unrelaxed elastic (Young’s) modulus 
corresponds to a time regime in which measurement of an ani-
sotropic stress-imposed strain is made more rapidly than struc-
tural relaxation can occur.[12] By contrast, the relaxed modulus 
can only be measured after sufficient time has passed that the 
point defect elastic dipoles are in equilibrium with mechanical 
and thermal constraints.[12] However, doped ceria displays a 
wide range of relaxation times: milliseconds,[24–26] seconds, or 
even months.[10,11,21,27] To determine the unrelaxed modulus 
of Gd-doped ceria ceramics (reviewed in ref. [8]), a technique 
allowing rapid yet accurate measurement is required. There-
fore, values of the Young’s and shear moduli obtained with the 
impulse excitation technique or ultrasonic pulse-echo (USPE) 
measurement of sound velocity (SV) should approximate 
most closely the unrelaxed moduli. IET measures individual 
resonant frequencies of the ceramic, which depend on the 

particular mode excited, sample density and dimensions: for a 
centimeter-sized sample both shear and flexure mode frequen-
cies are typically a few hundred kHz. USPE uses shorter pulses 
and measures sound velocity via round trip travel time. The 
IET method has a significant advantage in that it can be imple-
mented at temperatures above ambient. However, both IET[28] 
and USPE[9] must be corrected for porosity, and measurements 
are not reliable if ceramic porosity exceeds 6 vol%. Porosity 
of 21 vol% reduces the elastic modulus by a factor of 2.[29] In 
addition, neither technique can compensate for the presence 
of microcracks (viz. Figure 1). Unfortunately, there have been 
a few measurements of elastic moduli of Gd-doped ceria using 
IET or USPE. In 2000, Atkinson and Selcuk[28] reported Young’s 
moduli and Poisson ratios for 10GDC: 200 GPa and ν10GDC = 
0.328, and for 20GDC: 187 GPa and ν20GDC = 0.334. The values 
of the elastic moduli are significantly lower than those reported 
recently by Yavo et al.[9]-for 10GDC:   215 ± 1 GPa and ν10GDC = 
0.314 ± 0.003, and for 20GDC: 206 ± 1 GPa and ν20GDC = 
0.313 ± 0.002, respectively. The origin of this discrepancy is not 
known; however, a possible cause is the presence of microc-
racks. Microcracks can be present even in a very dense ceramic. 
While their influence can be signaled by the early decay of the 
ultrasound pulse (Figure 1), and thereby result in the removal 
of a particular sample from consideration; numerical correction 
for their influence is not currently available for either IET- or 
SV-based techniques. However, because of the visual nature 
of the USPE data wave forms (Figure 1), those samples with 
microcracks can be identified and eliminated from analysis.

The unrelaxed Young’s and shear moduli of dense ceria 
ceramics decrease linearly within the range of stability of the 
fluorite phase Ce1−xGdxO2−x/2 (x ≤ 0.2)[9] with 4.8 ± 0.3% reduc-
tion in the normalized values for each additional 10 mol% 
Gd. The values for Young’s and shear moduli for x = 0.29 (the 
double fluorite phase) are larger than expected from the linear 
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Figure 1. Time decay of an ultrasound pulse echo (shear wave) in two 
samples of 10 mol% Gd-doped ceria ceramics. Both samples are dense 
(96.8 ± 0.2% theoretical) with an average grain size of ≈3 µm. When sam-
ples contain a porosity of ≤6 vol%, correction algorithms can be applied. 
However, the data quality is irreparably damaged by the presence of 
microcracks: the sample giving the blue trace is completely unsuitable 
for the measurement of elastic moduli. However, because of the visual 
nature of the data wave forms, those samples with microcracks can be 
identified and eliminated from analysis.
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decay. The bulk modulus also decays linearly with a similar 
slope of 4.6% per 10 mol% Gd but also including the composi-
tion x = 0.29 (Figure 2). We conclude from the USPE observa-
tions[9] that the onset of ordering of oxygen vacancies during the 
transition from the fluorite to the double fluorite phase does not 
affect the response of the lattice to isostatic deformation, i.e., the 
bulk modulus. Suggested structural origins for the decrease of 
the unrelaxed elastic moduli with dopant concentration include 
increase in the volume of the unit cell as well as the reduction in 
the number of cation–anion bonds.[30–32] We also note that while 
it is possible to measure the unrelaxed modulus with nanoin-
dentation,[10,11] the accuracy of this method (typically ±5%) is 
considerably lower than IET or SV. Therefore, it does not detect 

the dependence of the elastic moduli on Gd content.[10] More-
over, specifically for doped ceria, nanoindentation measure-
ments are complicated by anelastic effects, as discussed below.

2.3. Anelastic Effects in Gd-Doped Ceria

2.3.1. Relaxed Biaxial Elastic Modulus of Gd-Doped Ceria Thin Films

Evidence that the relaxed biaxial elastic modulus of Gd-doped 
or reduced ceria thin films is considerably lower than the unre-
laxed one dates to 2010.[23,33] These reports showed that sub-
strate-supported thin films of Ce0.8Gd0.2O1.9 or oxygen-deficient, 
undoped ceria can sustain in-plane strain of 0.2–0.3%, as meas-
ured by XRD, while the stress determined from measuring the 
curvature of the substrate does not exceed 30 MPa (the detection 
limit for 250 µm thick Si substrates). The films are polycrystal-
line and more than 400 nm thick, which indicates that epitaxy is 
not responsible for such behavior. The biaxial elastic modulus 
Yb estimated from these data is <17 GPa, which is more than 
10 times lower than the calculated biaxial elastic modulus for 
bulk 20GDC: 300 GPa.[9] Thin substrate-supported films of Gd-
doped ceria retain large in-plane strain even after prolonged 
annealing at elevated temperatures.[7,34] This strain is not plastic: 
partial substrate removal produces a self-supported film (mem-
brane), which is strongly buckled. For instance, in Shi et al.,[34] 
the reported strain is 0.45%, and in Kossoy et al.,[33] it is 0.3%. 
The formation of buckled membranes provides evidence that the 
large strain in substrate-supported films is recoverable. We note 
that elastic strain of this magnitude for 20GDC would produce 
in-plane stress σ = Yb20GDC·0.45% = 1.35 GPa. To maintain such 
stress in a 1 µm thick film, the adhesion energy would have to 
exceed 1 J m−2,[35] which is unlikely for a polycrystalline, nonepi-
taxial film: rather, delamination (blistering) would result. How-
ever, in practice, that is not observed for thin films of 20GDC.

There are serious practical consequences of these observa-
tions. The driving force for strain relaxation is the amount of 
elastic energy stored, i.e., stress. Since, as we have described 
above, the “relaxed” biaxial modulus of Gd-doped ceria films is 
a small fraction of the unrelaxed modulus, stress in the films 
is low, resulting in insufficient driving force for strain relaxa-
tion. Heating for longer than 10 h above 500 °C would provide 
partial strain relief; however, as noted in the introduction sec-
tion for Si substrate-supported films, the difference between 
the thermal expansion of Gd-doped ceria and Si over this tem-
perature range is ≈0.38%. Therefore, the structural integrity of 
the films will be compromised after thermal cycling to room 
temperature due to the resulting tensile strain. Obviously, the 
thermal treatment necessary for complete strain relaxation in 
ceria thin films must be tailored for each case on an empirical 
basis, e.g., as described in Kossoy et al.[21]

2.3.2. Hysteresis of the Lattice Parameter of Thermally Cycled  
Gd-Doped Ceria Thin Films

A broad range of values have been reported in the literature for 
the unit cell dimension (a) of Gd-doped ceria for x ≤ 0.2[36–40] 
(Figure 3). In the case of substrate-supported thin films, such 
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(a)

(b)

Figure 2. a) Young’s modulus of ceria ceramics under ambient condi-
tions as a function of Gd doping. Moduli were calculated from ultrasound 
pulse-echo velocity measurements: without correction for porosity, Y0, 
and including correction for porosity according to static, YS, and dynamic 
models, YD. b) Young’s (YDn), shear (GDn), and bulk moduli (BDn) cor-
rected for porosity according to the dynamic model and normalized to 
the undoped values, as a function of Gd content. Linear regression gives 
the same slope for Young’s and shear moduli within the fluorite phase 
(x ≤ 2). However, the values for x = 0.29 (double fluorite phase) clearly 
cannot be included. On the other hand, for the normalized bulk modulus 
(inset) there is no such deviation. Adapted with permission.[9] Copyright  
2016, Elsevier.
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differences might be explained by the presence of in-plane dep-
osition strain. However, the data in Figure 3 refer to ceramics, 
which are presumably strain free: the spread in the fractional 
change in the lattice constant as a function of dopant concentra-
tion exceeds 0.25%. In powders and ceramics with micrometer-
sized grains, extrinsic effects such as macroscopic strain, surface 
reduction, oxygen concentration gradient, and/or contribution of 
the grain boundaries are minimized. This suggests that, in addi-
tion to extrinsic effects, there is another factor affecting the lattice 
parameter of GDC. A possible source of this scatter was identi-
fied by showing that the lattice parameter of Gd-doped ceria thin 
films—both substrate-supported and self-supported—increases 
spontaneously over the course of a few months. The out-of-plane 
d-spacings of the 220 diffraction peak (Figure 4) were measured 
at room temperature (23 ± 2 °C) on a 330 nm thick 20GDC film 
that had been deposited by RF magnetron sputtering directly on 
Si and annealed in air for 12 h at 530 °C.[21] This annealing pro-
tocol had previously been found to minimize sample strain for 
films deposited on Si. Nevertheless, the films retained compres-
sive strain of 0.19–0.37%. After annealing and over the course 
of three months at room temperature, the out-of-plane lattice 
parameter increased spontaneously by 0.21%. Interestingly, the 
first heating following this prolonged dwell at room temperature 
did not produce the expected lattice expansion between 150 and 
300 °C. However, cooling did return the lattice constant to approx-
imately the same value that was observed prior to the sponta-
neous expansion. Subsequent cooling and heating cycles produce 
thermal expansion corresponding to ±11 × 10−6 K−1, which is 
the value commonly observed for bulk Ce0.8Gd0.2O1.9.[3,22] Three-
month dwell under ambient conditions causes the lattice to 
expand once more by ≈0.2%. Even more striking is the behavior 
of a self-supported 20GDC film, as described in Kossoy et al.[21] 
(Figure 5). The initially flat, supported film acquires a buckled 
shape upon substrate removal. Heating for 4 min at 170 °C flat-
tens the film. During three months under ambient conditions, 
the film rebuckles. This flattening/buckling cycle can be repeated 
multiple times. Gd-doped ceria films have been shown to be 
resistant to possible structural influences of water and CO2;[41] 
therefore, the hysteresis of the lattice parameter cannot be attrib-
uted to simple physical or chemical degradation.

Clearly, the lattice parameter of Gd-doped ceria thin films is 
a function of sample history, including time, applied stress, and 
temperature. Therefore, the unit cell dimensions of two sam-
ples prepared at different times or kept under different condi-
tions are not comparable. As a result, a well-defined value of the 
unstrained lattice parameter a0 is not available. This creates dif-
ficulties in evaluating the in-plane and out-of-plane strains,  uxx 
and  uzz, respectively, of such thin films; XRD measurements 
of the in-plane, ax, and out-of-plane, az, lattice parameters are 
insufficient; rather a well-defined value of either the unstrained 
lattice parameter, a0, or the Poisson’s ratio, ν, must be provided

u
a a

a a
u

a

a
axx

x z

z x
xx

x

2
(if is known) or 1(if is known)

0
0ν

ν= −
+ ⋅ ⋅

= −

 (1)

For linear, elastic materials, a0 and ν do not change with 
time or strain. However, for anelastic materials, such as 
20GDC films, it is apparently not so. This is also apparent in  
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Figure 3. Cubic unit cell (Fm-3m) lattice parameters reported in the lit-
erature for different doping levels Ce1−xGdxO2−x/2: 1, ref. [36]; 2, ref. [37]; 
3, ref. [38]; 4, ref. [39]; 5, ref. [40]; 6, ref. [21]; 7–9, ref. [88] at 550, 750, 
and 1100 °C, respectively. Adapted with permission.[21] Copyright 2009, 
Wiley-VCH.

Figure 4. d-Spacing of the 220 X-ray diffraction peak of a 330 nm thick film 
of Ce0.8Gd0.2O1.9 deposited by sputtering on a Si substrate and measured 
as a function of temperature between 25 and 300 °C. Following annealing 
at 530 °C and subsequent thermal cycling, the XRD measurements of 
the out-of-plane lattice parameter were made under ambient conditions 
prevailing in the X-ray laboratory. Adapted with permission.[21] Copyright 
2009, Wiley-VCH.

Figure 5. Light microscopy images of a self-supported film of 
Ce0.8Gd0.2O1.9 (470 nm thick). Upon removal of the substrate, the film 
buckles. Upon heating the membrane to 170 °C for 4 min, the buck-
ling is eliminated. After 3 months at room temperature, the membrane 
spontaneously rebuckles. The cycles of flattening/buckling can be 
repeated multiple times. Adapted with permission.[21] Copyright 2009, 
Wiley-VCH.
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Figure 6, which is adapted from Kossoy et al.,[42] in which the 
out-of-plane d422-spacing and in-plane d422-spacing for 13 as-
sputtered and annealed films are compared. The differences in 
the az/ax  ratio are well outside the range of uncertainty of the 
XRD measurement.

2.3.3. The Poisson’s Ratio of Gd-Doped Ceria Thin Films

Measuring the Poisson’s ratio of materials that may have a relax-
ation time as long as a few weeks following the development of 
strain is very challenging. Since the Poisson’s ratio is defined 
as the ratio between two small quantities, −uxx/uzz, achieving 
acceptable accuracy requires imposing large strain (at least 
one-tenth of a percent) and maintaining this strain for a period 
of time sufficient for the defect equilibrium to reestablish. 
Ceramics are rarely capable of withstanding large deformation 
without cracking. A partial solution for this problem using X-ray 
diffraction measurements was provided in Goykhman et al.[43] 
A film is deposited on a flexible substrate, and the in-plane 
and out-of-plane d-spacings of a given set of lattice planes  
are measured in the initially “flat” state, dx

f  and dz
f , respectively. 

The difference in these values is the characteristic of the depo-
sition strain. Then, the substrate is bent with a predetermined 
radius, R, and the d-spacings are measured in this “bent” state 
dx

b and dz
b (Figure 7a). Bending introduces additional strain 

in the film which can be calculated as u Rxx
R th /(2 )s= , where 

ths is the thickness of the substrate. For a 100 µm thick sub-
strate bent with a radius of 50 mm, the additional film in-plane 
strain is 0.1%, assuming perfect adhesion, which is sufficient 
to detect the difference in lattice spacings between the “flat” 
and the “bent” state. In practice, some relaxation will take place; 
therefore, uxx

R  is more accurately (dx
b −dx

f)/dx
f . The total in-plane 

strain in the bent state uxx
b  is taken to be the sum of uxx

f  and 
uxx

R . When the bending radius, R, is much larger than the sub-
strate thickness (as in this case), no strain will be introduced 
in the direction of the bending axis. Knowledge of the exact 
value of the bending strain is not crucial; however, larger uxx

R

will increase measurement accuracy. The Poisson’s ratio can be 
approximated from the lattice interplane spacings as[43]

d d

d d d d
z z

z x x z

b f

b b f fν = −
− + −

 (2)

Since the bending strain is generally significantly smaller 
than the deposition strain present in the flat film, Equation 
(2) is derived by removing terms quadratic in the strain.[43] 
For this experimental arrangement, the error introduced by 
this approximation is ≈2–3% both for the Poisson’s ratio and 
for the in-plane strain in the flat state. Even given the rather 
large uncertainty in the data from six 20GDC films (Figure 7b), 
which propagates from the uncertainty in the profile fitting of 
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Figure 6. Values for the in-plane and out-of-plane d422-spacing for thin 
films of Ce0.8Gd0.2O1.9. Adapted with permission.[42] Copyright 2014, 
Springer.

(a)

(b)

Figure 7. a) Device for bending thin film samples deposited on flexible 
phosphor bronze substrates to a predetermined radius of 50 mm and 
which could be mounted in the Rigaku TTRAXIII diffractometer. The 
sample is clamped to the convex bed as shown. b) Poisson ratio, ν, of 
Ce0.8Gd0.2O1.9 thin films as a function of the total in-plane strain ( buxx),  
where = +b fu u uxx xx xx

R , b indicates bent, f indicates flat, and uxx
R  is the 

strain imposed by bending the substrate. Adapted with permission.[43] 
Copyright 2014, Springer.
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the XRD peak positions, Poisson’s ratio clearly decreases with 
increase in total in-plane strain (Figure 7). When uxx

b  < 1%, the 
film appears to approximately preserve volume under strain, 
i.e., ν = 0.47 ± 0.08. Upon increase of the in-plane strain, ν 
decreases to ≈0.2 ± 0.035[43] indicating that communication 
between deformation in different directions in the crystal lat-
tice is weak. Although strain-sensitive Poisson ratios are not 
common, this behavior has in fact been observed in various 
biological materials and synthetic polymers.[44] We also note 
that the fact that elastic anisotropy, possibly deriving from pref-
erential (111) orientation of the fluorite lattice in the deposited 
film crystallites, may be influencing these results.

2.3.4. Influence of Mechanical Relaxation on Raman Spectra

Raman spectroscopy has been used to detect the presence of 
strain and point defects in ceria via the position, line width and 
asymmetry of the F2g vibrational mode (symmetric breathing 
mode of the eight anions near neighbor to the cation), as well 
as the appearance of other cubic symmetry forbidden vibra-
tional modes. In Shi et al.,[34] Raman spectra were monitored 
to determine local strain in membranes of Ce0.8Gd0.2O1.9. The 
in-plane strain in these membranes was deduced from the cur-
vature of the films obtained by surface profile measurements. 
In view of the foregoing discussion of the anelastic properties 
of Gd-doped ceria, it is not obvious that the Raman F2g peak 
position is in fact a reliable measure of strain in GDC thin 
films or membranes. Moreover, analysis of Raman spectra 
involves separating the effect of lattice expansion due to dopant 
incorporation from changes in chemical bonds. This approach 
dates to 1994[45] and since then it has been used frequently (for 
example, refs. [46,47]). The implicit assumption is that the frac-
tional increase in the unit cell volume, ΔV/V, can be related to 
the relative shift in the position of a Raman peak, Δω/ω, as

V

V

ω
ω

γ∆ = ⋅ ∆
 (3)

where γ is the Grüneisen parameter for the corresponding 
Raman vibrational mode. The value of γ obtained for the case 
of isostatic compression in ceramic samples is approximately 
constant. Although there is some spread in the literature data, 

for bulk samples, γ is usually reported to be 1.17–1.41 for 
10GDC and 1.24[46,47] or 1.5 for undoped ceria with reference 
to the study of high-pressure isostatic compression.[48] This 
implies that, for instance, the most intense Raman peak of 
ceria, F2g at 465 cm−1, will shift by 1 cm−1 if the volume change 
reaches 0.2%. For a material with bulk modulus of ≈200 GPa,[9] 
this requires 0.4 GPa pressure. In Kraynis et al.,[27] it was shown 
that in Raman spectra of thin films of 5 and 10 mol% Gd-doped 
ceria substrate-supported films, the position of the F2g peak is 
not constant with time. 400 nm thick films were deposited by 
RF magnetron sputtering in a mixed oxygen/Ar atmosphere in 
order to prevent oxygen loss. The Si substrate was covered with 
a 500 nm thick Ti layer to promote adhesion, facilitate strain 
relief, and avoid interference by the strong Raman peaks of Si. 
The films were annealed for 4 h at 400 °C to relieve deposition 
stress. Despite the presence of the Ti layer, annealing does not 
completely relieve strain; the out-of-plane/in-plane anisotropy 
((az/ax) − 1), where az is the out-of-plane lattice constant and ax 
is the in-plane lattice constant as measured by XRD at the film 
center (K point), is reduced from 0.48% and 1.0% to 0.13% and 
0.3% for 5GDC and 10GDC, respectively. However, because 
metallic Ti undergoes plastic relaxation at 400 °C, the residual 
strain is much lower than for the films deposited directly on 
Si (see Section 2.3.2 and Kossoy et al.[21]). To monitor the F2g 
peak over time at precisely the same locations, a patterned and 
labeled grid of 40 µm holes was created in a Cr layer that had 
been deposited on the GDC films (Figure 8). It was found that 
even though the XRD lattice parameters measured at the film 
center (K) and therefore the volume of the unit cell did not 
change during the weeks following annealing, the positions of 
the F2g Raman peaks (Figure 9) continued shifting for almost 
two weeks for 5GDC and six weeks for 10GDC. We note that 
for 5GDC, the Raman F2g peaks shift toward higher energies 
by more than 0.5 cm−1. According to Equation (3), the volume 
of the unit cell should decrease by at least 0.5/458/1.5 ≈ 0.07%. 
Taking into account that the films are clamped to the substrate, 
this decrease should come at the expense of out-of-plane unit 
cell dimensions. Such a large change should be detectable. 
However, in the absence of any change in the 5GDC lattice 
parameters at the film center (position K) during 2 weeks, 
the shift in the Raman F2g peak position has been attributed to 
the reorganization/redistribution of local strain fields of elastic 
dipoles, when the residual strain/stress is anisotropic, as it is 
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Figure 8. A Cr mask deposited on the GDC film enabled reproducible monitoring of the Raman scattering measurements from well-defined positions. 
a) The mask fabricated on a 2 in silicon wafer. The highlighted areas in Figure 9 are referred to as E, G, K, O, and Q. b) Optical microscopy image 
showing indexing of individual locations in area E (a–g; 1–7). c) Optical microscopy image shows a 40 µm diameter circle of exposed GDC surrounded 
by the Cr mask. Adapted with permission.[27] Copyright 2017, Elsevier.
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here. According to classical understanding of anelasticity,[12] 
this is the origin of a time-dependent relaxation process. These 
data[27] restrict use of the concept of a Grüneisen parameter for 
determining anisotropic strain in ceria thin films because, as 
a result of cation doping and/or oxygen vacancy creation, the 
unit cell volume and the stiffness of the bonds are not directly 
linked. Since, as described above, the biaxial elastic moduli of 
ceria membranes and ceramics are very different, therefore dif-
ferent values of the Grüneisen parameter should be used for 
strain analysis of thin films[34,49] or bulk ceramics.[49] However 
only for the latter literature values are available.[48,50] A new 
approach for using micro-Raman spectroscopy to monitor 
strain in thin films of ceria would therefore be most welcome.

2.4. Room-Temperature Creep in Ceria Ceramics

Creep, or the time-dependent yielding of a solid under constant 
load, constitutes a difficult problem in material characterization 
and application. Creep strain reaches a plateau for an anelastic 
solid while it continues to increase for a viscoelastic solid. 
In the particular case of linear anelastic materials, complete 

recovery is eventually achieved upon removal of external stress. 
Although creep is generally observed in ceramics only when the 
temperature is raised toward the material melting point, room-
temperature creep has in fact been detected in ceria ceramics 
using the nanoindentation (ND) technique.[10,11]

Nanoindentation is a popular technique for measuring 
microhardness and Young’s elastic modulus (E) of ceria 
ceramics[10,11,51,52] and less commonly, supported thin films.[53,54] 
Room-temperature ND measurement (loading/unloading rate 
0.1–0.5 mN s−1; max. load 1–5 mN) of the Young’s modulus 
of CeO2−δ and Pr 0.2Ce 0.8O2−δ thin films, deposited by PLD on 
single crystal YSZ substrates, gave 264.6 and 276.5 ± 7.7 GPa, 
respectively. These magnitudes agree well with reported values 
of E measured by nanoindentation under similar conditions for 
bulk samples of Pr 0.2Ce 0.8O2−δ (274 ± 25 GPa) and undoped 
ceria ceramics (264.1 ± 2.2 GPa)[51] (loading/unloading rate 
1 mN s−1; max. load 5 mN).

Ceramics used for nanoindentation measurements must 
satisfy a number of requirements. 1) In order that the proper-
ties of the surface layers probed by the indenter be represent-
ative of the bulk material, final polishing must be performed 
with a very fine powder (e.g., 20 nm particle size) for a period 
of time sufficient to remove surface layers damaged by coarse  
powders. 2) The ceramic grain size should be sufficiently 
large that indentation may be confined to one grain and there-
fore material elastic modulus and microhardness will not be 
influenced by ceramic porosity. We note that Morales et al.[52] 
also included up to 2 wt% cobalt acetate to facilitate sintering the 
Ce1−xGdxO2−x/2 pellets. In Korobko et al.,[10,11] Gd-, Lu-, Pr(III)-, 
and Pr(IV)-doped ceria ceramics with grain size >1.5 µm were 
subjected to indentation with Berkovich (three-sided pyram-
idal diamond) indenter under constant loading rates of 15 or  
0.15 mN s−1 (Figure 10a). The standard ND procedure is as follows:  
loading at a constant rate, hold at constant load, and followed 
by constant rate unloading, with E determined by linear fit to 
the initial slope of the unloading curve on the load/displace-
ment graph, after correcting for the properties of the indenter 
and assuming a value for the Poisson’s ratio of the sample. 
However, the results obtained with the ×102 slower loading rate 
presented very large margins of error. Following rapid loading, 
displacement continually increased during load hold at 150 mN 
(a factor of 30 higher load than reported in Wang et al.[51]), i.e., 
the ceramics exhibited room-temperature creep. The displace-
ment, u, during creep was fitted to u = u0 + A(t − t0)1/3, where A 
is the creep magnitude parameter, and (t − t 0) is elapsed time 
from beginning of load hold. The (primary) creep parameters 
provide informative constraints on the origin of the room-tem-
perature creep. During load hold, the applied stress reached 
10 GPa (i.e., 150 mN on a 3 µm diameter grain), which is ≈10% 
of the shear modulus and less than 5% of the elastic Young’s 
modulus) and the maximum indentation depth is less than half 
the average grain size. Under such conditions, material transfer 
by diffusion at grain boundaries cannot produce the ≈10 nm 
displacement observed within a few seconds: cation diffusion 
in ceria is only significant above 1000 °C.[55] Moreover, disloca-
tion movement, if it occurs, should be obstructed by the disloca-
tion pinning of the dopants: the larger the difference between 
the crystal radii of the dopant and that of the host, the lower 
the creep. However, for 3 mol% of the larger dopants, Gd3+ 
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Figure 9. Shift of the position of the Raman F2g peak position, shortly 
following, two weeks, and six weeks after, and annealing of 5% and 10% 
Gd-doped ceria thin films deposited on Si. No change in the average out-
of-plane lattice parameter at location K was recorded by X-ray diffraction 
for either sample. Adapted with permission.[27] Copyright 2017, Elsevier.
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and Pr3+ produce an increase in the creep rate while the same 
doping level with Lu3+ and Pr4+ suppresses creep (Figure 10c). 
Therefore, room-temperature creep in ceria ceramics has been 

attributed to the rearrangement of elastic dipolar strain fields 
associated with lattice point defects in response to anisotropic 
stress. Creep suppression sets in at dopant concentrations 
above 3 mol%, likely due to interaction of point defect strain 
fields. We note that for the case of the two smaller dopants, Lu3+ 
and Pr4+ , the creep rate constant is lower than that of undoped 
ceria and for Pr4+ only weakly dependent on dopant concentra-
tion (Figure 10c). The origin of creep in undoped ceria is attrib-
uted to the reduction of Ce from +4 to +3 accompanied by the 
creation of charge compensating oxygen vacancies.

Room-temperature creep affects the values of the Young’s 
elastic modulus calculated from the initial slope of the load 
release curve and the indenter contact area. As noted above, for all 
dopants only the results obtained with the fast loading were con-
sidered to be reliable. However, even those data have significantly 
larger error margins than the elastic moduli determined from the 
USPE SV data[9] described above. If we compare the values of the 
Young’s modulus for Gd-doped ceria, x = 0.05–0.2 (Figure 11), 
obtained by ND and SV measurements, we see that indeed the 
mean values of the Young’s modulus extracted from the fast 
loading ND measurements are quite close to those obtained by 
the SV method after correction of the latter for ceramic porosity.

There are a number of interdependent, structural parameters 
that influence the magnitude of the Young’s elastic modulus deter-
mined by ND under rapid loading as a function of dopant con-
centration 0–20 mol% in Gd3+-, Pr3+-, Lu3+-, or Pr4+-doped ceria 
ceramics (Figure 12). These include the increase or decrease in 
the fluorite lattice constant of the solid solution with increasing 
dopant concentration (Vegard’s law), the crystal (ionic) radii of 
the dopant and host cations with coordination numbers 6 or 8, 
the redox status of the host cation and perhaps in the case of Pr4+ 
(accomplished by annealing the Pr3+ ceramics in oxygen for 12 h at 
380 °C), also of the dopant; and the appearance of charge compen-
sating oxygen vacancies of (currently) unknown size. In this con-
text, we note that the preparation of completely oxidized, undoped 
ceria ceramics is very challenging. Since for undoped ceria, the 
oxygen self-diffusion coefficient does not exceed 10−14 cm2 s−1 at 
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(a)

(b)

(c)

Figure 10. a) Displacement–time and load–time dependence for “fast” 
nanoindentation loading (15 mN s−1) of a ceria pellet with 10 mol% Gd. 
Inset: The log–log plot of displacement versus time during the hold 
phase, indicating that the displacement is proportional to t1/3. b) Typical 
displacement (depth)–load curve. c) Creep rate constant for Gd3+-, Pr4+-, 
Pr3+-, and Lu3+-doped ceria from refs. [10]. Adapted with permission.[10] 
Copyright 2013, Wiley-VCH.

Figure 11. Comparison of the values of the Young’s modulus obtained by 
nanoindentation[11] and ultrasonic pulse-echo sound velocity (USPE-SV) 
measurements as a function of Gd doping in dense ceria ceramics.[9] The 
SV measurements have been corrected for porosity. Figure 11 is plotted 
from data in ref. [9] and ref. [11]
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575 °C,[56] even if the ceramic is annealed for 1 week in oxygen 
at 575 °C, the diffusion depth will not be greater than ≈1 µm. 
The lattice constants of the ND sample ceramics, as measured 
by X-ray diffraction under ambient conditions, increased in 
the concentration range 0–20 mol% for Gd3+ and Pr3+ while a 
decrease was observed for Lu3+ and Pr4+ doping.[10] Numerous 
X-ray absorption measurements provide evidence that, even in 
this limited doping range, fluorite symmetry is only maintained 
on the basis of temporal and spatial averaging.[16,23,33,46,57] The 
crystal radii of the host and dopant cations decrease/increase by 
≈10 pm when the coordination numbers change from 8 ↔ 6. The 
decrease in the coordination number in these ceramics can be 
ascribed to the appearance of oxygen vacancies. A 10 pm decrease 
takes place for cations undergoing oxidation when the valence 
changes from +3 to +4. Ionic radii display the same variability as 
crystal radii although the absolute sizes are smaller.[58] Since the 
elastic Young’s constants of the doped ceria grains, as well as the 
primary creep constants, display complex behavior as a function 
of doping, while the determining structural parameters also do 
not remain unchanged, a definitive explanation of the ND results 
is not yet in hand.

3. Electromechanical Activity of Ceria Films  
and Ceramics

3.1. Classical versus Nonclassical Electrostriction

Piezoelectricity, i.e., the linear electromechanical response, 
is restricted to noncentrosymmetric materials. However, 
materials with nonlinear electromechanical response have 
drawn increased attention during the last two decades.[59,60] 

Electrostriction, the simplest nonlinear response, is second 
order (quadratic) with respect to the electric field and it is dis-
played by all types of dielectric materials irrespective of crystal 
symmetry or structure.[59] In a general form, it is described by a 
fourth-rank tensor, Mijmn, relating the strain components, uij, to 
the component of the electric field,  En, Em

u M E Eij ijmn n mn m,∑=  (4)

The values of the electrostriction strain coefficients, Mijmn, 
vary from 10−21 to 10−16 m2 V−2 and can be both positive and 
negative, depending upon whether the material expands or 
contracts in the electric field.[59,61–63] To rationalize these very 
different numbers, Newnham et al.[59] introduced the polariza-
tion electrostriction coefficient, Qijmn, relating the field-induced 
strain to the dielectric polarization, Pk, or dielectric suscepti-
bility, χkm, rather than to the applied electric field P Ek kmk k∑ χ=

u Q P Pij ijmn n mn m,∑=  (5)

The polarization electrostriction coefficients are related to 
electrostriction strain coefficients as

M Qijmn ijmn im jn0ε ε ε= ⋅ ⋅  (6)

which for the case of a material with cubic symmetry (εim, 
the dielectric constant tensor, is isotropic) becomes

M Qijmn ijmn [ 1 ]0
2ε ε( )= ⋅ ⋅ −  (7)

where ε0 is the permittivity of free space. Since materials have 
very different symmetries, Newnham et al.[59] considered the 
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(a) (b)

(d)(c)

Figure 12. Nanoindentation measurement of the elastic (Young’s) modulus of ceria ceramics as a function of doping derived from rapid loading/
unloading to 150 mN (15 mN s−1, 8 s hold) and slow loading/unloading (0.15 mN s−1, 30 s hold). The data for Pr4+-, Pr3+-, and Lu3+-doped ceria (b–d) 
are from ref. [10]. The data for Gd3+-doped ceria (a) are from ref. [11]. Adapted with permission.[10] Copyright 2013, Wiley-VCH.
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hydrostatic polarization electrostriction coefficient, Qh, which 
characterizes the change in volume. For isotropic or cubic 
materials, Qh takes the form Qh = Qxxxx + 2Qxxyy, where Qxxxx 
and Qxxyy are the longitudinal and transverse polarization coef-
ficients, respectively. Plotting log(|Qh|) versus log(S/εε0), where 
S is the inverse Young’s modulus (elastic compliance), ε0 is 
the permittivity of free space, and ε is the material dielectric 
constant, all examined dielectrics, from polymers[64–66] to 
relaxor ferroelectrics,[59,67–69] were found to follow the empirical 
relationship (Figure 13)[59]

Q Sh| | 2.37 / 0
0.59εε( )≈ ⋅  (8)

which indicates a fundamental connection 
between these properties. This relationship 
was interpreted as evidence for significant 
anharmonicity in the lattice response to 
elastic and dielectric perturbation. A sim-
ilar correlation between |Qh| and thermal 
expansion coefficients is also observed.[70] 
Materials that obey the scaling law in 
Equation (8) have been termed “classical 
electrostrictors.”

According to Newham’s scaling law 
(Equation (8)), Gd-doped ceria would not 
be expected to exhibit particularly large 
electrostriction. The dielectric constant of 
Ce1−xGdxO2−x/2 at low temperatures is almost 
independent of frequency from a few Hz 
to 1 MHz, ε∞ < 28.[71] At elevated tempera-
tures, ionic conductivity and contact effects 
contribute to the measurable polarization; 
however, from the data in Yavo et al.[72] it is 
possible to estimate that even if the polariza-
tion of the grain boundaries and contacts is 
included, then ε0.5 Hz < 100. Ce1−xGdxO2−x/2 

has a large Young’s modulus (206–227 GPa; Figure 11[10,11]) and 
therefore a correspondingly small elastic compliance. Meas-
uring both Mxxxx and Mxxyy with the same setup is usually quite 
challenging; however, for cubic symmetry, one can approximate 
Mxxyy ≈ −νMxxxx and Qh = Qxxxx(1 − 2ν).[73] Therefore, values 
of |Qh| estimated by Equation (8) are |Qh| ≈ 0.01–0.03 and the 
electrostriction strain coefficient estimated from Equation (7) 
would have order of magnitude M≈ 10−20 m2 V−2. The fact that 
the measured values of the electrostriction strain coefficient 
exceed this estimate by more than two orders of magnitude 
has given rise to the term “nonclassical” electrostriction, as 
described below.

3.2. Room-Temperature Electrostriction in Supported Thin Films 
of Gd-Doped Ceria

Measuring a strain electrostriction coefficient for substrate-
supported films is difficult due to the fact that the films are 
clamped. However, one can readily determine the stress that 
develops in the film if the substrate is sufficiently thin[74] 
(Figure 14a): stress developing in the film causes the cantilever 
to bend, thereby shifting the position of the reflected laser beam 
on the detector. Since stress rather than strain is measured, the 
method allows the determination of the electrostriction stress 
coefficient  γxxyy, which is related to the strain coefficient via the 
corresponding elastic modulus. For the transverse coefficients 
γxxyy = Mxxyy · Yb, where Yb = Y/(1 −ν) is the biaxial modulus. 
This technique has a number of advantages:

1. Using a CCD camera and mathematical processing, one 
can measure the movement, ΔX, of the reflected beam with 
an accuracy of at least 0.05 pixel of the CCD camera (<1 µm), 
which is orders of magnitude smaller than the beam diameter 
(1 mm). The change in curvature of the cantilever can be found 
as given in Equation (9)[74]
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Figure 13. Hydrostatic polarization electrostriction coefficient, |Qh|, 
as a function of the ratio of the elastic compliance, S, to the material 
dielectric constant, ε · ε0. The full symbols mark data from ref. [59]. 
The data for Gd-doped ceria thin films are from ref. [57]. The data for 
Bi7Nb2−xYxO15.5−x, x = 0.4, 0.8, 1.2, 1.6, ceramics and the data for a single 
crystal of (100cut) Y0.08Zr0.92O1.96 are from ref. [82]. The red line represents 
the scaling law for classical electrostrictors, Equation (8), from ref. [59]. 
Adapted with permission.[82] Copyright 2016, Wiley-VCH.

Figure 14. a) Electrostrictive response of a 20 mol% Gd-doped ceria (20GDC) thin film induces 
cantilever curvature. A change in curvature shifts the position on the CCD detector of the 
reflected laser beam. b) SEM image of the cross-section of the Cr contacts/20GDC thin film on 
a 40 mm × 8 mm × 150 µm glass cantilever, used in ref. [74]. Similar measurements were made 
in ref. [57], using Ti contacts and 〈100〉 cut Si wafer as a substrate. Adapted with permission.[74] 
Copyright 2016, Wiley-VCH.
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k X L l/ 2( )∆ = ∆ ⋅ ⋅  (9)

where Δk is the change in curvature, L is the distance from the 
sample to the CCD camera, and l is the distance on the sample 
between the reflection point to the clamping point (Figure 14). 
From the change in curvature, the change in stress in the films 
can be calculated by Stoney’s formula[75]

(1 ) 6
s

s

s
2

f

Y

v

t

t
kσ∆ =

−
∆  (10)

where Ys is the Young’s modulus of the substrate and νs is the 
Poisson ratio of the substrate, and tstf are the thicknesses of the 
substrate and film, respectively. For a 40 mm long cantilever, 
stress <10 MPa in a 100 nm thick film on 200 µm thick Si sub-
strate is readily detected.

2. By measuring the change in curvature in different loca-
tions of the cantilever (i.e., scanning along the cantilever), one 
can verify whether the stress in the film is homogeneous. This 
is an advantage compared to techniques measuring average 
curvature (e.g., parallel beam[76,77]) since inhomogeneity of cur-
vature along the cantilever indicates inhomogeneity of stress 
and may confuse interpretation of the results.

Measurements of the electrostriction stress coefficient 
with this technique[57,74] revealed that a few volts applied 
across a 0.5 µm thick film of Ce1−xGdxO2−x/2, x = 0.1–0.33 
(20–60 kV cm−1 field), generated in-plane stress exceeding 
100 MPa[57] and, for some samples, reaching 500 MPa.[74] From 
the direction of deflection of the cantilever, one could conclude 
that the films expanded in-plane, i.e., perpendicular to the 
applied field. However, it was not possible to detect whether 
the films contracted in the direction transverse to the field. 
Estimates of Mxxyy from the data on the in-plane stress[57] con-
sistently yield values above 10−18 m2 V−2 and for Ce0.9Gd0.1O1.95 
it is Mxxyy = 1.6 × 10−17 m2 V−2, which is orders of magnitude 
larger than predicted by Equation (8)[59] (70–120 m4 C−2). The 
induced stress is proportional to the square of the electric field, 
as expected for electrostriction (Equation (4)), which also agrees 
with that the fact that application of the slowly alternating 
sinusoidal voltage (UAC) results in second harmonic response. 
Superimposing a constant voltage, UDC, with UAC produces a 
mixture of first and second harmonics
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In agreement with Equation (11), the amplitude of the stress 
response at the first harmonic was directly proportional to the 
product of UAC and UDC and the ratio of the stress response 
at the first and second harmonics was 4UDC/UAC (Figure 15a). 
Interestingly, films of undoped, but oxygen deficient, ceria 
also exhibit the electrostriction effect;[57] however, annealing 
these films in oxygen leads to a considerable reduction of the 
electrostriction response. This supports the idea that the elec-
trostriction effect in ceria requires the presence of oxygen 
vacancies. Nevertheless, the magnitude of the electrostrictive 

response of supported Gd-doped ceria films does not scale 
with the concentration of vacancies: rather, the dependence of 
the electrostriction strain coefficient on oxygen vacancy con-
centration appears to be more complex (Figure 15b). We note 
that X-ray diffraction measurements of a substrate-supported 
film with 33 mol% Gd did not show any indication of vacancy 
ordering,[57] while powders of the same composition are in the 
double fluorite phase.[16,46]

Observation of electrostriction in thin substrate-supported 
films by Lubomirsky and co-workers[57,74,78] was recently con-
firmed by Muralt and co-workers at Ecole Polytechnique 
Federale de Lausanne.[79] Using a similar experimental arrange-
ment, they found an electrostriction strain coefficient of 
(9.0 ± 0.5) × 10−19 m2 V−2. Interestingly, Hadad et al.[79] were 
the first to point out that serious experimental difficulties 
derive from the quality and/or interface resistance of the elec-
trical contacts. The authors compared Pt, Cr, and Al electrodes, 
noticing that hysteresis and differences in the magnitude of the 
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(a)

(b)

Figure 15. a) The peak values of in-plane electrostrictive stress developed 
in a 400 nm thick film of Ce0.8Gd0.2O1.9 deposited on a glass cantilever 
with Cr electrodes as a function of applied voltages UDC and UAC. The 
frequency of UAC was 10 mHz. The peak value of the stress is linearly 
proportional to the sum 4UDC· UAC + AC

2U  (Equation (11) with the first 
term measured at the first harmonic and the second term measured at 
the second harmonic. b) Dependence of the electrostriction stress-field 
coefficient γ on the concentration of oxygen vacancies for thin films of 
undoped and Gd-doped ceria. The film with 33 mol% Gd was in the fluo-
rite phase according to X-ray diffraction (no double fluorite-related peaks 
were observed).[74]



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1707455 (13 of 17)

www.advmat.dewww.advancedsciencenews.com

response can likely be traced to contact resistance. Moreover, 
the authors pointed out that the oxygen deficient and therefore 
more electrically conductive films apparently perform better, 
probably because they contain a higher concentration of vacan-
cies as well as lower contact resistance. We also note that there 
is considerable difference in the range of frequencies used for 
the investigations in Korobko et al.[57,74] and Hadad et al.[79] The 
former used quasistatic electric fields, i.e., frequency of a few 
mHz, while Hadad et al.[79] did not measure below 22 Hz.

3.3. Electrostriction in Self-Supported Films (Membranes) of 
Gd-Doped Ceria

Following the literature reports of electrostriction in substrate-
supported Ce0.8Gd0.2O1.9 films, two groups described elec-
trostrictive behavior in self-supported Ce0.8Gd0.2O1.9 films 
(membranes). The first report[80] used 2 mm diameter, 1.4 µm 
thick films sandwiched between two Ti electrodes. When the 
film was released from the Si substrate, and clamped only at its 
circumference, the membranes remained flat at room tempera-
ture but buckled upon heating above 60 °C, indicating the pres-
ence of in-plane strain (tension). Displacement of the center of 
the membrane was measured with a modified Michelson inter-
ferometer stabilized by an external proportional-integral-deriv-
ative (PID) feedback system. The advantage of this approach is 
that the interferometer can measure the displacement of less 
than 1 nm; however, the lower frequency limit is 2 Hz due to 
the reaction time of the feedback loop.

The authors observed only second harmonic response to the 
applied voltage. Interpretation of the data was complicated by 
difficulty in separating the effects of thermo-electromechanical 
(Joule) heating from electrostriction. The amplitude of the out-
of-plane deflection of the film under an electric field increased 
with increasing temperature. Relaxation of the membrane fol-
lowing step-like excitation could be described as exponential 
decay with time constant τst ≈ 20 ms (50 Hz), independent of 
temperature or amplitude of the applied bias (Figure 16a). The 
fact that the response is independent of temperature or ampli-
tude of the applied bias raises the possibility that the response 
is produced by Joule heating (thermal expansion of the mem-
brane). The response of a system to periodic heating with a well-
defined thermal time constant is described by a first-order dif-
ferential equation, the solution to which is well known. If such 
a membrane experiences sinusoidal heating with frequency f = 
1/τst, i.e., ≈50 Hz, the phase of the response should lag that of 
the excitation by ≈π/2 radians (viz. appendices in Lubomirsky 
and Stafsudd[81]). When the driving frequency f is reduced to the 
single Hz range (in Figure 16b, i.e., much lower than 1/τst, the 
membrane response to Joule heating would be expected to follow 
the thermal excitation more closely and to be less dependent on 
frequency. For f << 1/(10 · τst), the expected phase lag is less 
than 2π/10 radians. Since the phase shift of the membrane dis-
placement as a function of excitation frequency that is actually 
observed (Figure 16b) is not consistent with the thermal model, 
then we must assume that Joule heating (thermal expansion) is 
not the only determining factor in the membrane displacement 
behavior. Ushakov et al.[80] performed finite-element modeling 
using the COMSOL Multiphysics program with the MEMS 

module to estimate the transverse electrostriction strain coeffi-
cient as 5 × 10−18 m2 V−2, which is close to the values reported by 
Korobko et al.[57,74] for substrate-supported films.

Mishuk et al.[7] used a different approach for characterizing 
the electromechanical response of ceria membranes. Their 
samples were 1–2 µm thick Ce0.8Gd0.2O1.9 membranes, which 
buckled downward upon substrate removal, acquiring a soup-
bowl shape. In addition, displacement was measured with an 
atomic force microscope tip with a built-in thermocouple to 
monitor temperature in situ. Application of 10 V peak-to-peak 
voltage at frequencies >100 kHz caused large (0.5 µm) vertical 
displacement of the membrane center. Under these conditions, 
the power dissipated in the membrane approaches a few tens 
of mW and the temperature at the center of the membrane 
increased ≈8 K above ambient. In this high-frequency mode, 
dominated by Joule heating, all membranes, irrespective of 
the contact metal, Al, Cr, Ni, or Ti, behaved similarly. From the 
thermal expansion coefficient of the components and the tem-
perature distribution within a circular membrane clamped at 
the periphery,[81] lattice strain was estimated. At low frequen-
cies (0.5–10 Hz), membranes with Al, Ni, or Cr contacts did 
not demonstrate measurable electromechanical activity. Appli-
cation of very high electric fields (30 V/1.5 µm) produced some 
response; however, this was usually accompanied by electrical 
breakdown. On the other hand, membranes with Ti contacts 

Adv. Mater. 2018, 30, 1707455

(a)

(b)

Figure 16. a) Electromechanical response of a 2 mm diameter, 1.4 µm thick 
20GDC membrane with 150–200 nm thick Ti electrodes to a 6 V square 
pulse. The characteristic displacement relaxation time τ was ≈20 ms and 
did not depend on the temperature or the applied bias. b) Amplitude of 
the displacement of the membrane as a function of the frequency of the 
applied voltage and the relative phase shift of the response. Adapted with 
permission.[80] Copyright 2013, American Institute of Physics.
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produced vertical displacement as large as 500 nm at 6 V. 
Displacement was linearly proportional to the applied voltage 
squared and was not accompanied by any detectable (<0.1 K) 
heating, necessary evidence for electrostriction. Impedance 
spectroscopy data revealed that the lack of low-frequency elec-
tromechanical response of membranes with Al, Ni, or Cr elec-
trodes was due to the contact resistance in the range of MΩ 
for 2 mm films. In the case of Ti, the measured resistance of 
the contacts decreased ≈3 orders of magnitude, which explains 
the observation of electromechanical response. Comparison of 
strain induced by Joule heating at higher frequencies with the 
strain induced by low-frequency electrostriction permits an esti-
mate of the strain electrostriction coefficient as 4 × 10−18 m2 V−2,  
which is similar to the values for substrate-supported[57,79] and 
self-supported films[80] described above.

3.4. Electrostriction in Bulk Ce0.9Gd0.1O1.95 Ceramics

With the aim of extending the characterization of electrostric-
tion in Gd-doped ceria beyond thin films, Yavo et al.[72] reported 
measurement of the electrostrictive strain coefficients in 
bulk Ce0.9Gd0.1O1.95 ceramics. Since the comparison of the 
results of Korobko et al.[57] and Hadad et al.[79] revealed that the 
amplitude of the electrostrictive response in thin films appeared 
to decrease with increasing electric field frequency, Yavo et al.[72] 
designed a system based on a capacitive proximity sensor.[82] 
This sensor is capable of measuring mechanical displacement 
parallel to the applied field, which is accurate to within 0.05 nm 
and with frequencies ranging from a few tenths to a few hundred 
Hz. Yavo et al.[72] reported that dense Ce0.9Gd0.1O1.95 ceramics 
contracted in the direction of the electric field. This is consistent 
with the earlier finding that the thin films expand in the direc-
tion transverse to the electric field. All samples showed a non-
ideal Debye-like relaxation with a characteristic relaxation time 
of 0.8–3 s. Above the relaxation frequency, the electrostriction 
strain coefficient was M| |33

∞  ≈ 10−18 m2 V−2, while below the relax-
ation frequency, the electrostriction strain coefficient displayed  

large sample-to-sample variability M| |33
0  ≈ (2–20) × 10−17 m2 V−2 

(Figure 17). The variability of the electrostriction coefficient did 
not correlate with the grain size or with the sample thickness. 
From impedance spectra acquired under different constant bias 
at various temperatures (25–150 °C), it was possible to con-
clude that the grain boundaries are blocking, which is expected 
for Gd-doped ceria ceramics.[83–85] However, this work[72] also 
showed that the grain boundaries are electronically conductive 
and trap charges under electric field. Therefore, they are most 
probably the cause of the spread in values of the electrostriction 
strain coefficient as well as the strain saturation with increasing 
electric field amplitude (<2 ppm). On the one hand, these data 
fully confirm the phenomenon of nonclassical electrostriction in 
Gd-doped ceria, while on the other hand they point to a number 
of experimental challenges associated with both measuring and 
determining the origin of this effect.

3.5. Electromechanical Response of Gd-Doped Ceria at Room 
Temperature: Contact Resistance

We have shown that accurately assessing the value of the elec-
trostriction strain coefficient in Gd-doped ceria thin films and 
ceramics at room temperature is experimentally difficult. One 
confounding element is the contact resistance, which may be 
present in the interface between the metal electrode and the ceria 
sample. The contact resistance can mask the true value of the 
electric field in the ceria grains. If the contacts are blocking for 
electronic current, then applying voltage may produce a space 
charge layer that screens the electric field inside the sample. The 
time necessary for the formation of such a layer at room tem-
perature can be estimated from the value of the self-diffusion 
coefficient because it requires physical transfer of the oxygen 
vacancies into the space charge layer. However, though small  
(≈10−19 cm2 s−1[86]) the diffusion coefficient and the corresponding 
ionic mobility will lead to the formation of a space charge layer 
within a few seconds. This constrains reliable measurement 
to frequencies above ≈10 mHz, which is indeed the lowest fre-
quency used in Yavo et al.[72] Moreover, for the case of blocking 
electrodes, M| |33

0  may be overestimated because an inhomoge-
neous distribution of the electric field can produce displacement 
parallel to the field which is larger than in the case of a homog-
enous field distribution. Indeed, the displacement δd is given by 
M U d( / )33

0 2⋅ , where U is the applied voltage and d is the thickness 
of the sample. For example, if the voltage is concentrated in only 
half of the sample thickness, then d M U d4 /33

0 2δ = ⋅ . This does 
not introduce ambiguity into measurement of thin films because 
the transverse electrostriction coefficient, M31

0 , responds to the 
average field. However, if a ceramic sample is sufficiently thick, 
then the partitioning of the voltage will be such that the voltage 
drop on the body of the sample will always be larger than that 
at the contacts. Indeed, the typical specific resistivity of the grain 
interiors of Ce0.9Gd0.1O1.95 ceramics used in Yavo et al.[72] is a few 
GΩ, which implies that the contact resistance is much smaller 
than that of the bulk. However, we note that thinning ceramic 
pellets, in an effort to increase the effective electric field under 
the same applied voltage, could again reduce the reliability of M33

0 .
If the metal contacts are not blocking, then a chemical reac-

tion may take place at the electrodes. For ceria, this presents 
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Figure 17. Frequency-dependent relaxation of the longitudinal elec-
trostrictive strain coefficient M33 of six 10 mol% Gd-doped ceria pellets in 
AC electric fields of <10 kV cm−1 with frequency f <500 Hz. Below ≈5 Hz, 
there is a maximum of 1 order of magnitude spread in the values of M33. 
Adapted with permission.[72] Copyright 2018, Elsevier.
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a problem related to the chemo-electromechanical effect:[87] 
changes in composition are accompanied by changes in the 
unit cell volume. Chemomechanical effects are readily distin-
guished from electrostriction: the reduction of ceria causes lat-
tice expansion while the oxidation of ceria causes lattice con-
traction or oxygen evolution when further cation oxidation is 
not possible. Consequently, chemomechanical effects are asym-
metric with respect to the direction of the applied voltage and 
the sample will respond to the first harmonic of the frequency 
of the applied voltage. Therefore, the dominant electromechan-
ical response reported in Yavo et al.[72,82] for bulk ceramics of 
Ce0.9Gd0.1O1.95 and (Nb,Y) stabilized δ-phase bismuth oxide was 
correctly identified: 1) it is symmetric with respect to the direc-
tion of the field (second harmonic) and 2) the sample contracts 
parallel to the direction of the field. From this point of view, 
measurements with ceramic samples are easier to interpret and 
validate than those made on thin films.

4. Concluding Remarks

4.1. Searching for an Atomic-Level Mechanism for Anelasticity 
and Electrostriction in Ceria

Characterizing the room-temperature anelastic and electro-
mechanical properties of doped and reduced ceria and deter-
mining their structural origins is obviously a work in progress. 
Although the near neighbor environments of both host and 
dopant cations in the ceria lattice have been a subject of inves-
tigation by synchrotron X-ray diffraction, X-ray absorption spec-
troscopy, and neutron diffraction, a detailed understanding of 
the anomalous behavior of oxygen deficient ceria will require 
additional measurements of elastic moduli and electrome-
chanical activity under varying conditions of dopant chemistry, 
temperature, strain, geometry, and electrode metal. Generally, 
modeling of solid electrolytes, such as ceria, has concentrated 
on explaining the diffusion coefficients of the oxygen ions 
and oxidation/reduction kinetics with much less emphasis 
on mechanical properties. Indeed, no simulation capable of 
empirically reproducing the unrelaxed elastic moduli has been 
presented to date. Even when compared to other anelastic 
materials containing point-defect induced elastic dipoles, ceria 
is exceptional: the difference between the relaxed and unrelaxed 
biaxial moduli of 20 mol% Gd-doped ceria is unusually large 
(approx. a factor of 10); the magnitude of the strain associated 
with anelastic relaxation (0.1–0.4%) as well as the large range of 
relaxation times has not been observed elsewhere.

4.2. A Few Suggestions for Specific Mechanical and 
Electromechanical Measurements to Provide Additional 
Modeling Constraints

i) Chemistry: Comparing the mechanical behavior of thin film 
and bulk ceria ceramics with aliovalent dopants other than Gd, 
for which measurements are available in the literature; provid-
ing such measurements when the necessary data for compari-
sons are not currently available. Answering questions such 
as: to what extent does crystallite (grain) size and preferential 

orientation in thin films influence anelastic behavior? Do lat-
tice defects produced by either the dopant cations or that of the 
oxygen vacancies dominate the mechanical behavior?

ii) Geometry: Developing a technique to measure the longitudi-
nal and transverse electrostrictive strain coefficients M33 and 
M31 on the same sample, preferably with the same instru-
mentation, so that changes in the unit cell volume during 
electrostriction could be reliably determined. This would re-
quire the preparation of large grain, dense ceramic samples, 
for which the influence of the electrode contacts and grain 
boundaries would not be significant.

iii) Temperature dependence: Conduct a wide spectrum (mHz to 
Hz) dynamic mechanical analysis measuring internal fric-
tion as a function of temperature (−100 to +200 °C) and load. 
Internal friction measurements may provide answers regard-
ing the activation energy associated with the rearrangement 
of the elastic dipole strain fields responsible for the anelastici-
ty. We note, however, that such measurements would require 
the preparation of ceramic samples with a high aspect ratio 
(typically >15:1).

4.3. Significance for Practical Device Design and Engineering

In-depth understanding of the mechanical anomalies in Gd-doped 
ceria will ultimately influence design of practical, thin film–based 
MEMS devices. From the above, it is clear that the preparation of 
such devices must contend with at least two types of problems.

i) Anelastic effects control time-dependent strain and, thereby, 
also the shape and surface area of self-supported membrane 
structures. Since anelastic strain may reach 0.4%, films of 
doped ceria have a strong tendency to buckle upon substrate re-
lease.[6,21,22,34] The extent of the buckling, which may be expect-
ed to occur, is defined by the degree of strain relaxation during 
preparation, but also by device operating temperature. MEMS 
engineers will have to find a way to minimize this problem.

ii) Assuming that a MEMS device containing a reduced or 
doped ceria thin film is successfully built, there still remains 
the possibility that the application of a few volts of external 
bias at an operating temperature for which the electrostric-
tion effect is significant would generate hundreds of MPa 
in-plane stress, compromising mechanical integrity. Since 
electrostriction cannot be eliminated, one solution would be 
to design the device in such a way that subsequent expan-
sion/contraction of the structure due to electrostriction could 
be accommodated. This problem, however, is a detail of me-
chanical engineering and not intended for consideration in 
the context of the current review.
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