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Electrostrictive materials exhibit a strain that is proportional to the square of the induced polarization. In linear dielectrics where the permittivity is
constant, this electromechanical strain is also proportional to the square of the electric field. However, under increasing amplitudes of the driving
field, the electromechanical strain sometimes saturates; the electrostrictive coefficients therefore appear to depend on the amplitude of the electric
field used to measure them. Here, we present a methodology showing that this apparent field dependence is a consequence of neglecting higher-order
electromechanical phenomena. When these are taken into account, not only do the electrostrictive coefficients remain constant but the signs of the
high-order coefficients enable the prediction of the saturation behavior from a single measurement. We illustrate this approach on both classical and
non-classical (so-called “giant”) electrostrictors.

1 Introduction

Within the last decade, the interest in electrostrictive materials has gained momentum after the discovery of “gi-
ant” or “non-conventional” electrostrictors [1–5], exhibiting electromechanical coupling constants at least ten
times larger than expected from the empirical proxy [6]. Recently, giant effective piezoelectric constants (up to
200 000 pm/V at 0.1 Hz) have been reported in thin films of Gd-doped ceria [7]. Electrostriction is of interest for
electromechanical applications both as actuators and sensors. As it does not rely on the existence of ferroelec-
tric domains, it is expected to exhibit lower losses and superior fatigue performances. A better understanding
and quantification of the fundamental mechanism of the electrostrictive response will enable improvements to
strengthen its potential for applications. Electrostriction belongs to the class of nonlinear electromechanical cou-
plings that develop under intense electric fields. Such fields often correspond to moderate voltages applied to
thin films or to larger samples under high voltages. Besides, nonlinear electromechanical effects may also occur
in materials with defects, dipole clusters, domains, etc., under moderate fields, including in ferroelectrics [8–10].
By definition, the electrostrictive strain (xi j) is proportional to the square of the polarization (PkPl) through the
electrostrictive fourth-rank tensor Qi jkl:

xi j = Qi jkl PkPl (1)

We define “linear dielectrics” as insulating materials where the electric susceptibility (χe) relating the polariza-
tion P to the electric field E through P = ε0χe E is constant (∂ χe/∂E = 0). In these linear dielectrics, a simi-
lar relation (Eq.(2)) relates the strain to the square of the electric field (EkEl). The corresponding electrostrictive
tensor is then Mi jkl:

xi j = Mi jkl EkEl (2)

However, most electrostrictive materials appear to exhibit field-dependent values of their electrostrictive tensor
components rather than constant values [7, 11–13] as expected from the definition. The measured electrostrictive
strain is then no longer proportional to the square of the electric field or of the polarization. Most often, the elec-
trostrictive strain saturates with increasing electric fields (i.e., the apparent M value decreases) even though, in
some of these cases, the strain nevertheless remains proportional to the square of the polarization [11] (i.e., the Q
values remain constant).
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Such a discrepancy between the behavior under the electric field and polarization can be rationalized as follows.
The development of a polarization inside the dielectric material generates the electrostrictive strain. If the polar-
ization saturates under large electric fields, then the electric susceptibility is not linear constant anymore. As a
consequence, the increase in polarization is not anymore proportional to the field increase and the corresponding
strain, while remaining proportional to the saturating polarization squared, is not proportional anymore to the
increasing field squared beyond the saturation threshold.
The more intriguing case is where the electrostrictive strain saturates as a function of both the electric field squared
and the polarization squared. Such a case is fundamentally different from the previous one as it also occurs in
linear dielectrics [14], which are, by definition, devoid of polarization saturation.
Discarding an electric-field dependence on the elastic properties of the materials, the question of the origin of
such saturation remains and is the topic of this article. We will show that such a saturation is not related to a
field dependence of the electrostrictive coefficients but rather to the influence of higher-order electromechanical
phenomena.

2 Nonlinear characterization

Hereafter, we present a method to reliably calculate the value of electrostrictive tensor components (called “co-
efficients”) from time-dependent induced strain measurements. This method enables the fitting of electrostrictive
tensor coefficients that are independent of the electric field, as is expected from the definition of electrostriction.
In addition, the evolution of the electromechanical strain with the electric field is explained.

2.1 Theoretical analysis

Similar to the definition of nonlinear susceptibilities, nonlinear electromechanical coupling between strain (x)
and the electric field (E) or the polarization (P) can be expanded using a Taylor expansion [6]:

x = dE +ME2 +M(3)E3 +M(4)E4 + . . . (3)

x = gP+QP2 +Q(3)P3 +Q(4)P4 + . . . (4)

where d and g are piezoelectric tensors, M and Q electrostrictive tensors, the quadratic order of electromechan-
ical interactions. The quantities M(n) and Q(n) are defined as the n-th (n ≥ 3) order nonlinear electromechanical
tensors. Due to the vector nature of the electric field and polarization, M and Q are fourth-rank tensors, M(3) and
Q(3) are fifth-rank tensors, and so on.
Centrosymmetric dielectrics exhibit electrostriction but no piezoelectricity (d and g are zero). However, noncen-
trosymmetric dielectrics can exhibit both electrostriction and piezoelectricity, the former having been proposed
as an alternative approach to improve the latter [15]. Electrostriction is, therefore, a second order electromechan-
ical coupling instead of a secondary effect of piezoelectricity. The contributions to the strain of the higher-order
terms are not necessarily small. They depend on the magnitude of the fields and on the materials. For example,
Park et al. reported that Gd-doped ceria thin films possess higher-order harmonics [7], which is expressed in
their case through a field-dependent M coefficient. We shall show that actually, such field-dependence is entirely
due to the contribution of higher-order terms and the M coefficient is constant.
A common electromechanical experiment is to measure the strain of a sample driven by a mono-frequency elec-
tric field:

E(t) = E0 sin(ωt) (5)

where E0 the magnitude of the driving field, t the time, and ω the angular frequency. Combining Eq.(3) and
Eq.(5), the expression of time-dependent strain induced by a sinusoidal electric field is:

x(t) =dE0 sin(ωt)+ME2
0 sin2(ωt)

+M(3)E3
0 sin3(ωt)+M(4)E4

0 sin4(ωt)+ . . .
(6)

In order to fit this time-dependent strain and extract the electrostrictive coefficients, a model selection procedure
could be used to determine the maximum power to consider, from a trade-off between model complexity and
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performance. We show below that this procedure can be advantageously replaced by using an approach based on
the Fourier transform that provides additional information on the electromechanical response.
The discrete Fourier series ({F(kω}) of the time-dependent strain is defined as:

F(kω) =
N−1

∑
m=0

x(tm)exp(−i · kω · tm) k = 0, . . . ,N −1 (7)

where ω = 2π/T is the excitation angular frequency and T its period, N.δ t = T the total acquisition time, N the
number of recorded points, δ t the sampling interval (δ t = tm+1 − tm), and x(tm) = x(mδ t) the strain recorded at
the time tm.
The corresponding inverse discrete Fourier series provides the expression of the strain as a function of the k-th
harmonics (i.e. at kω) of the excitation fields:

x(t) =
1
N

N−1

∑
k=0

F(kω)exp(i · kω · t) (8)

The values of the M are sometimes extracted from such a procedure, based on the Fourier transform of the strain,
by only considering the component at 2ω (i.e. for k=2 only in Eq.(8)). This can be achieved through the use of a
lock-in amplifier or numerically. We shall show below that the as-obtained M values (i.e., considering that the
strain at 2ω is only related to the M coefficient) can deviate significantly from the actual value and exhibit an
artificial field dependence, even in purely linear dielectrics. Indeed, the electrostrictive coefficient M is not the
only one contributing to the strain at 2ω .
To show this, we use the power-reduction formulae

sin2(ωt) =
1− cos(2ωt)

2

sin3(ωt) =
3sin(ωt)− sin(3ωt)

4

sin4(ωt) =
3−4cos(2ωt)+ cos(4ωt)

8
(9)

to express Eq.(6) as a function of multiples of the excitation angular frequency i.e., in terms of harmonics:

x(t) =
[

1
2

ME2
0 +

3
8

M(4)E4
0 + . . .

]
+[

dE0 +
3
4

M(3)E3
0 + . . .

]
sin(ωt)+[

−1
2

ME2
0 +

1
2

M(4)E4
0 + . . .

]
cos(2ωt)+[

−1
4

M(3)E3
0 + . . .

]
sin(3ωt)+[

1
8

M(4)E4
0 + . . .

]
cos(4ωt)+ . . . (10)

where the . . . stands for higher-order terms.
The third line of Eq.(10) corresponds to the strain occurring at 2ω , that is the second harmonic of the strain. It is
a weighted sum of all electromechanical couplings of even orders (M ≡ M(2), M(4), . . . ) and does not only con-
sist of electrostriction (i.e. M is not the only term in the prefactor). It is therefore only appropriate to assimilate
this pre-factor to pure electrostriction if the higher-order terms (M(4), . . . ) are negligible.
To elaborate on the fact that the pre-factor corresponding to the second harmonic is not only due to electrostric-
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2.2 Methodology to calculate electromechanical coefficients

tion, Eq.(10) can be re-written as a sum of cosines (note the sign change of the terms in some pre-factors):

x(t) =
[

1
2

ME2
0 +

3
8

M(4)E4
0 + . . .

]
+[

dE0 +
3
4

M(3)E3
0 + . . .

]
cos

(
ωt − π

2

)
+[

1
2

ME2
0 −

1
2

M(4)E4
0 − . . .

]
cos(2ωt −π)+[

1
4

M(3)E3
0 − . . .

]
cos

(
3ωt − 3π

2

)
+[

1
8

M(4)E4
0 + . . .

]
cos(4ωt −2π)+ . . . (11)

The formulation of Eq.(11) is close but not identical to the one of a Fourier series. To illustrate this, the Fourier
series corresponding to Eq.(8) can also be written as an amplitude-phase form (as x(t) is real, its transform is
hermitian):

x(t) =
F0

N
+

2
N

⌊N/2⌋

∑
k=1

|F(kω)| cos(kω · t −ϕk) (12)

where ⌊N/2⌋ stands for the floor value of N/2 to encompass both odd and even values of N, ϕk is the phase of
F(kω) (i.e., F(kω) = |F(kω)|eiϕk) and the first term corresponds to the average value of x(t) over the recorded
period.
To further underline the difference between Eq.(12) and Eq.(11), we explicitly write Eq.(12) up to the fourth har-
monic:

x(t) =
F0

N
+[

2|F(ω)|
N

]
cos(ω · t −ϕ1)+[

2|F(2ω)|
N

]
cos(2ω · t −ϕ2)+[

2|F(3ω)|
N

]
cos(3ω · t −ϕ3)+[

2|F(4ω)|
N

]
cos(4ω · t −ϕ4)+ · · · (13)

Therefore the presence of the phase of the Fourier weights (the ϕn’s in Eq.(13)) instead of successive multiples
of π/2 (in Eq.(11)) prevents the identification of the normalized amplitude spectrum of the Fourier series (the{

2|F(kω)|
N

}
in Eq.(13)) with the pre-factors (the terms between square brackets) of Eq.(11).

2.2 Methodology to calculate electromechanical coefficients

Even though it is not possible to directly calculate the electrostrictive coefficients (in Eq.11) from the Fourier
spectrum of the strain (Eq.13), a Fourier analysis is nevertheless useful to obtain the electromechanical coeffi-
cients, including the M electrostrictive coefficient. We present below a reliable method to extract the electrome-
chanical coefficients based on the measurements of E(t) and x(t) that (1) reproduces the observed saturation of
the electrostrictive strain even in linear dielectrics and that (2) provides values of the electromechanical coeffi-
cients that are field-independent.
The amplitude spectrum

{
2|F(kω)|

N

}
of the Fourier transform of x(t) as defined by Eq.(12) is computed first. It

serves as a basis for the choice of the harmonics to consider. The highest harmonic (hmω) to consider should be
set to prevent under- or over-fitting the data.
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It is indeed necessary to only keep harmonics with weights exceeding the uncertainties of the fast Fourier trans-
form. The substantial aliasing and spectral leakage errors that discrete Fourier transform may introduce are very
sensitive to measurement noise contaminations [16, 17]. To address this issue, a method based on the Volterra
series was reported for the accurate measurement of higher-order frequency response functions to identify struc-
tural nonlinearities [18]. Considering the calculation complexity, measuring entire multi-dimensional higher-
order frequency response functions may not be necessary. For practical purposes, we shall provide a simpler de-
scription to calculate electromechanical coupling coefficients in the presence of higher-order terms: a histogram
of the Fourier weights with a hundred bin is used to determine the relevant harmonics (see Suppl. Information).
In our measurements, the noise level of the FFT corresponds to 1 or 2% of the normalized Fourier weights. All
harmonics corresponding to a Fourier weight above that threshold are selected.
Once the harmonics are selected, a fit of x(t) is carried out1 with a function f (t) defined as:

f (t) = ∑
{hn}

fn sinn(ωt +φn) (14)

The result of the fit is the set of { fn} that are the n-th electromechanical coupling coefficients times the corre-
sponding electric field power: f1 = dE0, f2 = ME2

0 , and fn = M(n)En
0 ∀n ≥ 3. Note that these are not the pre-

factors of Eq.(10) but of Eq.(6). They therefore provide directly (once divided by the n-th power of the electric
field) the n-th electomechanical coefficient.

3 Experimental examples

We illustrate this methodology on classical and non-classical electrostrictors to demonstrate its ability to both
prove field-independent values of the electrostrictive coefficients and explain the saturation of the electrome-
chanical strain shown in Figure 1. All measurements are carried out at 10 Hz and 20◦C on ceramic samples of
similar dimensions. The measured longitudinal displacements induced by the electric field along the same direc-
tion are of several hundred nanometers, far greater than the minimal measurable value (4 nm) and the measured
strains have been averaged over 10 cycles.

3.1 Harmonic analysis of classical electrostrictors

We call “classical electrostrictors” materials exhibiting electrostrictive properties described by the empirical
proxy [6]. Some of the most common ones are based on the relaxor ferroelectric lead magnesium niobate (PMN),
with a maximum strain around 0.2% [19–22] for ceramics. Ceramic samples of 0.9Pb(Mg1/3Nb2/3)O3-0.1PbTiO3
(PMN-10PT) have therefore been investigated. The electric-field-induced evolution of polar nano-regions (PNRs)
in relaxor ferroelectrics plays an important role in their electromechanical properties [23–25]. In this PMN-10PT,
the saturation of the polarization (Figure 1(a)) causes the saturation of the electrostrictive strain under the elec-
tric field. This is illustrated in Figure 1(b) where the maximum strain saturates when plotted against the electric
field squared, whereas it remains linear when plotted against the polarization squared (Figure 1(c)). Such behav-
ior leads to an apparent non-constant, field-dependent M coefficient, whereas the Q coefficient remains constant
as expected.
The curve x-E2 (Figure 1(b)) for PMN-10PT ceramics may be thought of as consisting of two parts: a linear part
below about 1 MV/m and a non-linear part under higher electric field. Li et al. explained similar results in PMN
crystals by separating the response into such low- and high-field regions [26]. In the high-field region, the satu-
ration of the electromechanical strain was explained by the fact that all the PNRs have been switched to a stable
state, causing the saturation of both polarization and electrostriction. This explanation is indeed consistent with
Figure 1(c), showing that the curve x-P2 is approximately linear rather than saturated. In relaxor ferroelectrics
as well as in nonlinear dielectrics, the saturation of the polarization under the electric field is indeed usually the
primary reason for the saturation of the electromechanical strain. This is the reason why electrostriction in fer-
roelectrics is preferably assessed by Q coefficients. Sundar et al. demonstrated in addition that the Q coefficient

1Eq.14 gather the electromechanical coupling constants and the powers of the field in order to have coefficients of similar amplitude, to ease the fitting procedure.
The x(t) curve is fitted rather than the x(E) curve for this reason as well, in addition to the fact that the losses complicate the fit.
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Figure 1: Polarization as a function of the electric field (P-E loop) of 0.9Pb(Mg1/3Nb2/3)O3-0.1PbTiO3 (PMN-10PT) ceramics (a) and
substituted La2Mo2O9 ceramics (d). Electrostrictive responses of PMN-10PT as a function of the square of electric field amplitude (b)
and of the square of polarization (c). All the measurements are at 10 Hz and 20◦C. The x-E2 curve of PMN-10PT (b) saturates while
the x-P2 curve (c) remains linear. In contrast, substituted La2Mo2O9 are all linear dielectrics (d). As a consequence, the x-E2 curve of
substituted La2Mo2O9 (e) and x-P2 (f) curve exhibit a similar tendency: Gd- and (Gd,W)-substituted La2Mo2O9 saturate at the large
fields whereas Nd-substituted La2Mo2O9 shows the opposite behavior.
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is fairly independent of temperatures in PMN ceramics [27]. We shall however show below that this explanation
omits the contribution of higher-order couplings and that such separation in low- and high-field parts is actually
not necessary.
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Figure 2: Nonlinear strain responses of PMN-10PT ceramic as a function of electric field (a) and time (b) in the low-field region
(0.5 MV/m) and high-field region (2 MV/m) (d and e, respectively). Amplitude spectra from the Fourier transform represent the weight
of the n-th harmonics for low-(c) and high-fields(f). The dashed lines in (b) and (e) are the fitted strains using Eq.14. The hollow sym-
bols in (c) and (f) represent the discarded harmonics, and the fit is carried out considering only the contribution from the harmonics
represented by solid symbols. (g) The “apparent” M coefficient, calculated from the deformation at 2ω (therefore including higher-
order contributions) decreases as a function of the electric field whereas (h) the M coefficient (corresponding to pure electrostriction)
remains constant at about 1.76(±0.15)×10−15 m2V−2 for all field amplitudes.

In order to test Li’s description based on low-field and high-field regions, ac electric fields between 0.5 MV/m a
value approximatively equal to the coercive field (Figures 2(a-c)) and 2 MV/m (Figures 2(d-f)) are applied to the
PMN-10PT sample of Figures 1(a-c). Figures 2(a) and (d) show the strain that develops under the minimum and
maximum amplitudes of electric fields considered, indicating that electrostriction is the predominant electrome-
chanical coupling in PMN-10PT ceramics regardless of the field amplitude, as is expected. Correspondingly,
Figures 2(b) and (e) show that the strain is positive and evolves, as a first approximation, at twice the frequency
of the electric field (the strain is measured over one period of the electric field). The normalized amplitude spec-
tra calculated by Fourier analysis for each field amplitude are presented in Figures 2(c) and (f). At low field, Fig-
ure 2(c) indicates that the second harmonic predominates (as expected) but also that the first (piezoelectric) and
fourth harmonic (M(4)) contributions are not negligible. The dashed line in Figure 2(b) represents the result of
a sinusoidal fit of x(t) using Eq.(14) with linear, quadratic, and quartic terms (n = 1,2,4) and is a satisfactory
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3.2 Harmonic analysis of non-classical electrostrictors

reproduction of the measured strain with little residuals.
In the high-field region, the comparison of Figure 2(c) and (f) shows that the normalized intensities of higher-
order harmonics increase. This is an expected consequence of increasing the maximum field in a non-linear sys-
tem. Only keeping the second, fourth, sixth, eighth, and tenth harmonics in Figure 2(f), this saturation curve can
also be satisfactorily reproduced by fitting x(t) Eq.(14) with n=2,4,6,8, and 10 (see Supplementary Information,
Figure S1).
The above results have several consequences: (1) the calculated M in the low-field region is 1.58(±0.04)×10−15 m2V−2,
consistent with the value calculated in the high-field region: 1.93(±0.03)×10−15 m2V−2, when the higher-order
terms are taken into account. Hence, the M remains constant (within less than 20%) regardless of the amplitude
of the driving field, as shown in Figure 2(h). This is the expected behavior of a “constant” (see Supplementary
Information about the evolution of M(n), Figure S2). (2) The low-field and high-field classification does not even
ensure that PMN-10PT is purely electrostrictive (i.e., with no higher-order electromechanical terms), as even in
the low-field region, the contribution of the quartic order interaction is not negligible. If only the strain at 2ω

is considered (by filtering the Fourier spectrum to consider only this harmonic) then the M coefficient value is
1.09×10−15 m2V−2 at low field and 0.37×10−15 m2V−2 at high field, as shown in Figure 2(g). Such apparent
field dependence of the M coefficient is therefore due to the omission of higher-order coupling coefficients.
Therefore, in PMN-10PT, the saturation of the polarization causes the saturation of the maximum electrome-
chanical strain. Such a saturation should not be attributed to a field dependence of the M. In addition, calculating
the M coefficient from a filter centered on the 2ω frequency leads to erroneous values.
From a microscopic perspective, the active PNRs behave as “seeds” to induce the macro-domain from the di-
electric matrix and then facilitate the switching of the macro-domains. The precise description of this dynamic
process reflects the nonlinear electrostriction-based nature of relaxor ferroelectrics [28].

3.2 Harmonic analysis of non-classical electrostrictors

On the contrary to “classical electrostrictors”, some materials do not follow the empirical proxy based on elas-
tic and dielectric properties [6]. When the deviation exceeds one order of magnitude, these materials have been
defined as “giant” or “non-classical” electrostrictors [4]. Yavo et al. have investigated the saturation of elec-
trostriction in doped ceria ceramics, the first non-classical electrostrictor reported, pointing to charge trapping,
voltage redistribution at the grain boundaries, and electrodes as origins of the observed saturation [5, 12, 13, 29].
La2Mo2O9-based materials (LAMOX) have also been reported to exhibit non-classical electrostriction [30, 31].
Hereafter, we report results on ceramics of three of these LAMOX materials (structural and microstructural in-
formation can be found in the Supplementary Information, Figure S3 and S4).
In contrast to the classical electrostrictor case, the maximum strain of substituted La2Mo2O9 ceramics, i.e. for
non-classical electrostrictors, exhibits a similar non-linear evolution when plotted as a function of E2 and P2

(see Figure 1(e) and (f)). This is consistent with the linear dielectric character (Figure 1(d)) of LAMOX ceram-
ics that allows to link the two electrostrictive coefficients to be made through M = Qε2 with ε the permittivity.
La2Mo2O9 and W-substituted La2Mo2O9 ceramics were reported to exhibit non-classical electrostrictive effects
that can be enhanced at elevated temperatures [30]. It was further revealed that oxygen vacancy configurations
and hopping dynamics cause the distortion of the local structure without measurable bulk polarization [30]. Here,
we shall extend the study of this family of materials by considering other substitutions.
Note that the curves of x-E2 (Figure 1(e)) and x-P2 (Figure 1(f)) of Gd-substituted (La1.8Mo2Gd0.2O9) and (Gd,W)-
substituted La2Mo2O9 (La1.7Mo0.8Gd0.3W1.2O9) saturate, whereas the Nd-substituted La2Mo2O9 (La1.4Mo2Nd0.6O9)
curves shows the opposite tendency i.e., they tend to increase under increasing electric fields. Clearly, the ex-
planation posited for classical electrostrictors (that the saturation of the polarization causes the saturation of the
strain under electric field) can not be applied to non-classical (“giant”) electrostrictors such as LAMOX as they
remain linear dielectrics (see Figure 1(d)). Even though these “giant” electrostrictors have been studied from dif-
ferent angles [32–34], only hypotheses have been put forward to explain their strain saturation. We show below
that such behavior is explained when higher-order electromechanical coefficients are considered, thereby pro-
viding a unified description of the electromechanical strain saturation in both classical and non-classical elec-
trostrictors.
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3.2 Harmonic analysis of non-classical electrostrictors
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Figure 3: Negative electrostrictive response of Gd-substituted La2Mo2O9 ceramic as a function of the electric field (a) and time (b).
The sinusoidal fit (dashed line in (b)) using Eq.14 reproduces the measured strain (blue line) by only considering the orders corre-
sponding to harmonics which are identified from the normalized intensity of the fast Fourier transform of x(t) (c). The opposite signs
of M =−1.89×10−17 m2V−2 and M(4)=+3.27×10−31 m4V−4 induce the saturation of the electrostrictive strain.

Figure 3(a) shows the field-induced strain in Gd-substituted La2Mo2O9 indicative of a predominant negative
electrostriction. Figure 3(b) presents the time-dependence of the strain, measured over one field period and ex-
hibiting at first glance an evolution at twice the field frequency. Both of these curves appear to point to a pre-
dominant electrostrictive behavior. However, the amplitude spectrum (Figure 3(c)) shows that, in addition to
the (expected) predominant second harmonic, the first and fourth harmonics are not negligible. The fitting of
the x(t) curve (represented by the dash line in Figure 3(b)) provides a negative value for M = −1.89(±0.02)×
10−17 m2V−2 and a positive value for M(4)=+3.27(±0.14)×10−31 m4V−4. Therefore, as the field increases, the
positive M(4)E4

0 term will compensate more and more for the negative ME2
0 term. The saturation of the maxi-

mum strain in Gd-substituted La2Mo2O9 is therefore due to the opposite signs of M and M(4).
Another consequence of taking into account the fourth harmonic is that it leads to a value that differs from the
one that would be obtained if only the response at 2ω was considered (−0.96× 10−17 m2V−2). This underlines,
as was the case with classical electrostrictors, the importance of taking into account higher-order electromechan-
ical terms to accurately evaluate the values of electrostrictive coefficients. It is worth pointing out that the non-
negligible first harmonic does not necessarily correspond to piezoelectricity. Indeed, the last measured strain
point differs from the first measured point (see Figure 3(a), which can also be seen in the residuals in Figure
3(b)). This can be due to various phenomena, e.g., to the damping behavior of defect dipoles or to the initial
alignment of dipoles during the first application of the electric field. This leads to a non-zero overall slope of the
strain as a function of time that contributes to the non-zero first harmonic.
If the additional addition of tungsten in Gd-substituted La2Mo2O9 enables to reduce the electrostrictive losses
(the strain vs electric field curve is less hysteretic than without tungsten, compare Figure 3(a) and Figure 4(a)), it
comes at the cost of decreasing significantly (5-fold reduction) the maximum strain. The M coefficient of (Gd,W)-
substituted La2Mo2O9 (M = −0.35(±0.01)× 10−17 m2V−2), considering the first, second, and fourth harmonic
is therefore lower than the one of Gd-substituted La2Mo2O9. As in the case of Gd-substituted La2Mo2O9, the ap-
parent saturation of electrostriction remains due to the opposite signs of M and M(4) (+5.53(±0.56)×10−32 m4V−4).
We now turn to Nd-substituted La2Mo2O9. This material exhibits a positive electrostrictive strain (see Figure
5(a)) with an electrostrictive coefficient M = +0.49(±0.01)× 10−17 m2V−2 similar in amplitude but opposite
in sign to the one of (Gd,W)-substituted La2Mo2O9. In addition to the second harmonic, the first, and third har-
monics are considered from the amplitude spectrum (Figure 5(c)) in the fitting of x(t) (Figure 5(b)) using Eq.14
when n = 1,2,3. In contrast to the previous cases, the quartic order term is negligible, while the M(3) coefficient
(+5.36(±1.27)×10−26 m3V−3) exhibits a positive sign. As a consequence, rather than compensating each other
and causing the electromechanical strain to saturate as the field increases, the electromechanical strain of Nd-
substituted La2Mo2O9 increases as the field amplitude increases. The modest relative weight of the harmonics
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3.2 Harmonic analysis of non-classical electrostrictors
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Figure 4: Negative electrostrictive response of (Gd-W)-substituted La2Mo2O9 ceramic as a function of the electric field (a) and time
(b). The sinusoidal fit (dashed line in (b)) using Eq.14 reproduces the measured strain (blue line) by only considering the orders corre-
sponding to harmonics which are identified from the normalized intensity of the fast Fourier transform of x(t) (c). The opposite signs
of M =−0.35×10−17 m2V−2 and M(4) =+5.53×10−32 m4V−4 induce the saturation of the electrostrictive strain.

considered compared to the amplitude of the second harmonic explains the modest positive deviation from lin-
earity over the investigated field range. In addition, as M(3) does not contribute to the signal at 2ω (cf. Eq.10),
the value of M one would get considering only the second harmonic (0.44×10−17m2V−2) is close (within 10%)
to the actual one. However, not considering this higher-order coupling prevents from explaining the increase of
the electromechanical strain when the field increases.
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Figure 5: Positive electrostrictive response of Nd-substituted La2Mo2O9 ceramic as a function of the electric field (a) and time (b).
The sinusoidal fit (dashed line in (b)) using Eq.14 reproduces the measured strain (blue line) by only considering the orders corre-
sponding to harmonics which are identified from the normalized intensity of the fast Fourier transform of x(t) (c). The similar signs of
M = +0.49 × 10−17 m2V−2 and M(3) = +5.36(±1.27)× 10−26 m3V−3 induce the increase of the electrostrictive strain when the field
amplitude increases.

The conclusion to draw from these substituted La2Mo2O9 is that substitution elements can tune the amplitude,
hysteresis, and saturation behavior of the electromechanical properties in non-classical electrostrictors, through
the contributions of higher-order electromechanical coupling coefficients. Considering higher-order harmonics
based on the amplitude spectra of their Fourier transform enables in non-classical electrostrictors as in classical
electrostrictors to calculate a field-independent and more accurate values of the electrostrictive coefficients. We
anticipate that microstructural analyses of these substituted La2Mo2O9 will enable to correlate the signs of the
higher-order coupling coefficients to microstructural features.
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4 Conclusion

The study of classical and non-classical electrostrictive materials requires the consideration of higher-order elec-
tromechanical terms, even at low fields, to calculate the actual values of electrostrictive coefficients. The appar-
ent field-dependence of electrostrictive coefficients calculated either from a quadratic fit of the strain versus elec-
tric field curves or after having filtered only the second harmonic may explain the dispersion of electrostrictive
coefficients reported in the literature. Indeed, such a procedure does not enable the determination of an accurate
value of the electrostrictive coefficients. In addition, the signs of the higher-order coefficients enable predictions
to be made about the behavior of the maximum strain under increasing electric field. The saturation (or increase)
of the electromechanical strain under electric field is explained by the increasing contribution of higher-order
couplings in the electromechanical response.
We propose a scheme to determine the actual values of the electrostrictive coefficients and predict the evolution
of electromechanical strain under electric field: first, the amplitude spectrum of the time-dependent strain curve
is calculated from its Fourier transform, then the harmonics to consider are chosen based on the histogram of
this amplitude spectrum, and finally are used to carry out a fit of the time evolution of the strain with a polyno-
mial function of sin(ωt). This provides values of electrostrictive coefficients that do not depend on the ampli-
tude of the applied electric field. In addition, from the sign of the higher-order electromechanical coefficients,
it is possible to determine whether they will compensate each other (if they have opposite signs) or add to each
other (if they have the same sign) and therefore predict whether the strain will saturate or increase when the field
increases.
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