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Strain-induced ferroelectricity and piezoelectricity in centrosymmetric binary oxides
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First-principles calculations are performed to predict ferroelectricity in the binary rocksalt oxide family (AO
with A = Cd, Ba, Sr, Ca, Mg, etc.) via the application of biaxial strain. The origins of such ferroelectricity are
discussed from the lattice dynamics perspective and electronic structure properties. Under compressive strain,
the strikingly large longitudinal piezoelectric effect is induced due to the deformation along the c direction as
a response to the stress. These findings have the potential to motivate the search of new simple binary oxides
possessing ferroelectricity that may lead to novel devices.
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I. INTRODUCTION

To date, ferroelectricity (FE) in the class of simple binary
materials has attracted a considerable interest for multifunc-
tional applications. Specifically, FE ordering in the rocksalt
oxides is predicted by using first-principles density functional
calculations [1]. Reference [2] indicated that ferroelectricity
could indeed be induced in ferromagnetic rocksalt EuO by
using epitaxial strain—which thus makes it multiferroic [3].
Experimentally, strain can be tuned through lattice mismatch
on a suitable substrate, by stretching the film, or via chemical
dopants [4,5]. External strain has been exploited to induce
novel metal-insulator transitions [6] and polar-nonpolar tran-
sitions in layered oxides [7]. Moreover, with positive strain
along the c direction, an electric field can induce chemical ex-
pansion and high piezoelectricity in initially centrosymmetric
oxygen-nonstoichiometric oxide Gd-doped CeO2−x [8].

Inspired by these pioneering works, we explore the ferro-
electricity in simple rocksalt AO (A = Cd, Ba, Sr, Ca, Mg,
etc.) crystals, and the origin of large longitudinal piezoelec-
tric effect as well. Simple binary oxides adopting a rocksalt
structure have a center inversion symmetry that prevents the
existence of a spontaneous polarization. Herein, we present
the possible occurrence of ferroelectricity and piezoelectric-
ity in simple strained-binary oxides AO. The lattice strain is
expressed as η = (a − a0)/a0 and varies from 0% to −9%.
First, we focus on the biaxial strain engineering with the
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nonpolar to polar phase transition of AO from cubic (space
group Fm3̄m, no. 225) to a noncentrosymmetric structure
(I4mm, no. 107). Furthermore, we reveal the consequence of
this transition by calculating properties under epitaxial strain
using first principles. These AOs exhibit longitudinal piezo-
electricity in the emerging FE phase, and the piezoelectricity
is strongly sensitive to applied strain. This work predicts the
ferroelectricity and piezoelectricity of rocksalt CdO (note that
other strained BaO, SrO, CaO, MgO oxides were previously
reported to possess ferroelectricity [1,9]).

II. COMPUTATIONAL METHOD

We perform density function theory (DFT) [10] com-
putations implemented within Vienna Ab initio Simulation
Package (VASP) [11], by using the projector augmented-wave
(PAW) [12,13] pseudopotentials with the Perdew-Burke-
Ernzerhof (PBE) [14] functional method for the exchange-
correlation potential. For all calculations, the valence state
configurations are taken as 5s24d10 for Cd, 5s25p66s2 for Ba,
4s24p65s2 for Sr, 3s23p64s2 for Ca, 3s2 for Mg and 2s22p4

for O. To better describe the electronic correlations in the Cd
4d shell, the GGA (generalized gradient approximation) +
U method [15] with Ueff = 2.34 eV is used [16,17] (for the
other AO systems, namely BaO, CaO, SrO, and MgO, no Ueff

is used). A high convergence is obtained with a plane wave
energy cutoff of 600 eV, a convergence criterion for energy
of 10–9 eV, and a grid of 10 × 10 × 10 Gamma-centered k
points to sample the Brillouin zone. The structures are fully
optimized until the residual Hellman-Feynman forces are less
than 10–4 eV Å–1. Band structures and density of states are cal-
culated using a screened hybrid functional described by Heyd,
Scuseria, and Ernzerhof (HSE06) [18,19]. Furthermore, the
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FIG. 1. Schematic diagrams of the rocksalt structure CdO of (a)
paraelectric (PE) and (b) ferroelectric (FE) phases. The blue and red
arrows represent the moving directions of the Cd and O atoms.

Born effective charges, dielectric tensors, and piezoelectric
constants are calculated using density functional perturbation
theory (DFPT) [20]. We apply the Berry-phase formalism of
the modern polarization theory to calculate the spontaneous
polarization [21]. The phonon spectra are computed based on
the 2 × 2 × 2 supercell using the PHONOPY [22] module and
DFPT method.

III. RESULTS AND DISCUSSION

We first show the detailed structure of CdO as an example,
since all cubic AO oxides are similar. By applying biaxial
strain on the cubic CdO structure, an unusual FE phase is in
fact induced. The initial structure of cubic CdO (Fm3̄m) is
shown in Fig. 1(a), where the blue and red spheres represent
Cd and O atoms, respectively. The calculated lattice constant
(a = b = c) for the rocksalt CdO is 4.76 Å, and is therefore
in excellent agreement with the experimental value of 4.77 Å
[23,24]. Under a moderate external biaxial strain, the cubic
phase transforms into a tetragonal one (I4/mmm, no. 139)
which still maintains centrosymmetry. At a critical epitax-
ial strain of −4.7%, a ferroelectric phase transition (from
I4/mmm to I4mm) is predicted with the Cd and O atoms that
are initially in the same ab plane breaking the inversion sym-
metry along the c direction as shown in Fig. 1(b). Other simple
AOs are in a similar situation: critical compressive strains
that induce novel and mechanical stable FE phase are −4.7%
(CdO), −3% (BaO), −6.3% (SrO), −7% (CaO), and −7.2%
(MgO) respectively. The results of these latter four cases are
similar to previously published calculations [1]. Note that the
elastic modulus is one of the key parameters in materials
engineering and mechanics. The elastic tensors that satisfy
the Born stability criteria (in Table S1 of the Supplemental
Material [25]) confirm that strained-AOs are mechanically
stable [26]. Additionally, the AO systems have also a good
thermal stability with the geometries still maintained without
broken bonds or phase transition at 300 K; the correspond-
ing fluctuations of total energies for 10 000 fs are plotted in
Fig. S1 of the Supplemental Material [25].

The origin of the existence of the FE phase can be
explained from the lattice dynamics perspective, which is
described in terms of a displacive FE transition. A softened
optical phonon is a typical signature for a displacive FE
phase transition. The transverse optical (TO) mode frequency
depends on two contributions: short-range and long-range
Coulomb interactions. When the long-range Coulomb interac-
tions favoring the FE phase is large enough to compensate the
short-range resilience favoring the undistorted PE structure,
the atoms move towards new stable positions (FE phase) with

FIG. 2. Phonon spectra for CdO of (a) PE I4/mmm phase and
(b) FE I4mm phase. The PE imaginary frequencies located at the �

point corresponding to the unstable phonon modes are eliminated by
a phase transition to FE state with a polarization along the c direction.

the positive and negative ions moving in opposite directions,
making the uniform spontaneous polarization appearing in the
entire crystal. As shown in Fig. 2(a), the eigenvector of the
unstable phonon mode at the � center of the Brillouin zone
(see Fig. S2 in the Supplemental Material [25]) represents an
identical atomic displacement pattern in each unit cell, and is
associated with an FE polarization. Note that the imaginary
frequencies located at the � point in Fig. 2(a) correspond to
displacements all occurring along the c direction. Addition-
ally, the phonon spectrum of the strained FE state, shown in
Fig. 2(b) without any imaginary modes, proves that the FE
CdO state is dynamically stable.

It is well known that the PBE functional underestimates the
band gap severely and cannot describe the electronic proper-
ties accurately, while the hybrid functional is more accurate
in predicting band structures [27,28]. Consequently, in order
to get insight of the FE and PE structures, we perform hybrid
functional computations to investigate the partial density of
states (PDOS) of CdO. Figure 3 displays the PDOS for Cd p,
d , and O p orbitals which contribute quite differently in the
PE and FE tetragonal states. Comparing the PDOS near the
Fermi energy between these PE and FE states, we find that
the overlapping densities of the occupied pz and d 2

z orbitals
of the Cd atom both increase and the pz orbital of O atom
remains the most occupied state in the FE phase. The above
orbitals contribute mainly along the c direction. The bonding
mechanism of CdO is that Cd pz and dz

2 orbitals self-mix and
then hybridize with the O pz orbital, resulting in atomic off-
center displacement along the c direction and the emergence
of the FE phase. Such a microscopic mechanism was also
proposed in the studies of FE ZnMgO2 and β-CuGaO2, with
full d orbitals [29,30].

Electronic properties, such as the difference in energy or
orbital contribution between the conduction band minimum
(CBM) and valence band maximum (VBM) are also strain
dependent. Here we present band structures when employing
HSE06 to obtain the electronic structure of CdO with a band
gap close to that of the experiment. The result indicates that
the electronic band gap (indirect) of rocksalt CdO is 0.8 eV
and the direct band gap at the � point is 2.0 eV [Fig. 4(b)],
both in excellent agreement with values determined previ-
ously [17,31–33]. With such indirect forbidden bandwidth
corresponding to the wavelength of the visible light, CdO
is suitable for optical devices like infrared detectors, photo-
diodes, and sensors [34–36]. Figure 4(a) further reveals the
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FIG. 3. Partial density of states (PDOS) for Cd p, d , and O p orbitals by using the hybrid functional (HSE06) method. Panels (a)–(c) are
for the PE I4/mmm phase and (d)–(f) are for the FE I4mm phase.

effect of strain on the indirect band gap: the gap decreases
linearly before the phase transition boundary and shows a
minimum value when approaching the FE state, before en-
hancing monotonically with increasing strain. This change
can be attributed to the shifts in bond lengths between Cd
and O (shown in Fig. S3 of the Supplemental Material [25]),
which directly affect the electronic property of CdO. Figure 4
also reveals the orbitals that mainly contribute to the CBM
and VBM under different strains. We find that in the cubic
structure without any strain [Fig. 4(b)], the VBM is mainly
contributed by all the p orbitals of the O atoms. When the
strain is applied, the VBM becomes only constituted by px

and py orbitals. As for the CBM, it always keeps contributions
from the s orbitals of both Cd and O.

FIG. 4. (a) HSE electronic band gap of CdO as a function of
the compressive strain ranged between 0 and −6%. The projected
energy band structures with the compressive strain values of (b) 0%,
(c) −2%, and (d) −4.7%.

Spontaneous polarization and polarization switching bar-
rier values are among the most significant properties of
ferroelectricity. Let us thus now present FE characteristics of
BaO, CdO, and SrO, as they require smaller magnitude of
strains to induce ferroelectricity. Figure 5 displays the evolu-
tion of the energy versus polarization in these three systems.
The two points with the lowest energy are the equilibrium fer-
roelectric states with opposite polarization directions. When
these two equivalent polar states switch under an external
electric field, ferroelectrics have to cross an energy barrier
through the PE point. We find that the potential barriers are 40,
76, and 119 meV/formula unit (f.u.), and the equilibrium po-
larizations are 29, 54, and 48 μC/cm2, respectively, for BaO,
CdO, and SrO. The spontaneous polarizations and depths of
the double well of CdO and SrO are quite comparable to those
of typical perovskite ferroelectrics such as BaTiO3 [37,38].
Interestingly, the barrier we get for strained-rocksalt CdO is
about 1/3 of wurtzite CdO (210 meV/f.u.) [39], which im-
plies that such practical FE material with low coercive voltage
can be useful in ferroelectric memory devices.

We now evaluate the effect of epitaxial strain on the
dielectric response and Born effective charge, in addition
to spontaneous FE polarization and barriers of polarization
switching. Figure 6(a) shows the effect of strain on the static
dielectric tensor εzz. In the strain-free case, the dielectric
tensor is isotropic because of the cubic structure. The di-
electric permittivity εzz changes slowly under the strain away
from the phase transition boundary, while increasing dramat-
ically at this boundary up to over 500 [shown in Fig. 6(a)].
This behavior is attributed to the PE to FE phase transition.
More precisely, the compressive strain causes softening of TO
modes, resulting in a sharp increase of dielectric permittivity
along the c direction [40]. Figure 6(b) displays the strain-
dependent evolution of the Born effective charge of Cd (which
is equal in magnitude and opposite in sign to that of the O
atom). The Born effective charge is isotropic in a cubic lattice,
and becomes a tensor in a noncubic lattice under strain [41].
Since the FE spontaneous polarization of CdO is along the z
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FIG. 5. Energy versus polarization for (a) BaO at −3% strain, (b) CdO at −4.7% strain, and (c) SrO at −6.3% strain (all these compressive
strains are the critical ones associated with the phase transition).

axis, we consider the Born effective charge Z33 in Fig. 6(b).
One can see that Z33 first decreases with strain in the I4/mmm
phase as the ions shift from the high symmetry cubic sites, and
exhibits a drop at the phase transition within the FE state, and
then increases with the strain strength.

Varying the lattice strain allows the creation of an electrical
polarization from a cubic crystal material. Figure 6(c) presents
the value of polarization (P3) as a function of compressive
strain by using the Berry-phase theory. Above the critical
point, P3 displays an abrupt change and increases upon in-
creasing compressive strain, whereas P3 is null for all strains
within the I4/mmm PE phase. The dramatic jump change of P3

near the critical point indicates that the PE to FE transition is
of the first order. The spontaneous polarization for CdO from
the Berry phase method reaches 54 μC/cm2 at −4.7% strain,
comparable to the classical FE oxide BaTiO3 (∼50 μC/cm2)
[42]. We also compute the strain dependence of the energy
barriers for polarization switching. As shown in Fig. 6(d),
the compressive strain tunes the barrier and makes the en-
ergy difference between the FE and PE states increasingly
larger. The corresponding barrier for CdO at −4.7% strain is

FIG. 6. Physical properties of CdO as function of compressive
strain: (a) dielectric permittivity along the c direction; (b) Born
effective charge Z33; (c) spontaneous polarization in the c direction;
(d) energy barrier for polarization switching.

76 meV/f.u., even lower than those of traditional perovskite
ferroelectrics [37,43], suggesting a promising FE device can-
didate with high endurance and reasonably low barrier.

Furthermore, piezoelectrics form a class of dielectric ma-
terials which can be polarized by not only electric field,
but also the application of mechanical stress. Piezoelectric
devices are able to convert electrical energy to mechanical
energy and vice versa, and are thus an important player for
energy conversion and signal transmission. Another appealing
property of FE AO compounds is that they possess a rather
large piezoelectric response. The piezoelectric modulus d33 is
found here to be 304 pC/N for BaO, 188 pC/N for CdO,
149 pC/N for SrO, 261 pC/N for CaO, and 107 pC/N
for MgO, showing superior piezoelectric response than other
known piezoelectric materials including hexagonal zinc oxide
ZnO (12.4 pC/N) [44], LiMgP (25 pC/N) [45], and ScAlN
(24.6 pC/N) [46,47].

To better understand the underlying mechanism of the
anomalous piezoelectric response, we focus on the di j piezo-
electric modulus. Reflecting the ability to mutually transform
mechanical energy and electrical energy, it is obtained through
the thermodynamic relationship between eik and Sk j matrices
[48]:

di j = eikSk j,

where eik is the piezoelectric constant that links the induced
polarization in direction i with an applied strain with compo-
nent k. Sk j is the elastic compliance tensor [49], which relates
the deformation produced by the application of a stress. That
is to say, the piezoelectric modulus di j involves an intercou-
pling of electric and elastic phenomena. The crystallographic
symmetry is important for piezoelectricity, with the eik and Sk j

matrices for the I4mm space group being

eik =
⎡
⎣

0 0 0 0 e15 0
0 0 0 e15 0 0

e31 e31 e33 0 0 0

⎤
⎦,

Skj =

⎡
⎢⎢⎢⎢⎢⎣

S11 S12 S13 0 0 0
S12 S11 S13 0 0 0
S13 S13 S33 0 0 0
0 0 0 S44 0 0
0 0 0 0 S44 0
0 0 0 0 0 S66

⎤
⎥⎥⎥⎥⎥⎦

.
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FIG. 7. The calculated (a) piezoelectric constant, (b) elastic com-
pliance tensor, (c) piezoelectric modulus of AO as function of the
epitaxial compressive strain (from 0 to −9%), and (d) elastic com-
pliance tensor of AO under 0% strain.

With the above relationship and forms of eik and Sk j , the
longitudinal piezoelectric modulus d33 can be expressed as

d33 = 2e31S13 + e33S33.

To reveal the effect of epitaxial strain on piezoelectric
response and the origin of large d33, the piezoelectric constant
and elastic compliance tensor are shown in Fig. 7. Note that in
these piezoelectric AO systems, the second term e33S33 dom-
inates the total piezoelectric response d33, since e33 is several
times larger than e31, and S33 is also the largest component of
the elastic compliance tensor. In Fig. 7(a), the predicted PE
to FE critical strains increase in the order of BaO, CdO, SrO,
CaO, and MgO, while e33 peaked values have a tendency to
decrease under an epitaxial strain. For comparison, MgO has
a more positive e33 than the rest of AOs. Figure 7(b) shows
that S33 of BaO is substantially larger than others near the
critical strain, and an analogous d33 plot is shown in Fig. 7(c).
Overall, BaO has the largest d33 and MgO has the minimal
d33, and the behaviors of d33 are similar to S33, indicating
that the elastic compliance S33 plays an important influence
role on d33. The elastic compliance contributes most to the
piezoelectric effects, meaning the large piezoelectric response
is mainly originating from the high sensitivity of deformation
to the application of a stress. We also investigate the mag-
nitude of epitaxial strain that generates polarization from the
viewpoint of elastic compliance. Figure 7(d) shows the S33 for
rocksalt AO without epitaxial strain. The abscissa from left to
right is in the order of increasing critical strain that can induce
FE phase. We find that the strain value at which the FE state
occurs has an anticorrelation with S33 of the unstrained case:
the larger value of this S33 corresponds to the smaller phase
transition strain.

Furthermore, it is known that superlattices can produce
striking property enhancements as well as new combinations
of desired properties by varying their layer thicknesses. We

therefore constructed superlattices to investigate if ferroelec-
tricity can be strain engineered in different metal oxides.
The proposed superlattice consists of rocksalt A1O and A2O
buckled monolayers alternately arranged along the crystallo-
graphic c direction [shown in Fig. S4(a) of the Supplemental
Material [25]]. In the following, all the epitaxial strains re-
ported are calculated with respect to the relaxed superlattice
in its PE phase. Here we consider six superlattices as a pro-
totypical example [shown in Fig. S4(b) of the Supplemental
Material [25]]. The volume ratio of MgO/SrO is 0.54, and
such a large volume difference drives the phase transition to
FE without any external strain. In contrast, the critical strain
that can induce the FE state is relatively large (−5.6%) when
their parent oxide volume ratio approaches 1. It can be verified
that the minimum strain to induce ferroelectricity increases
when the volumes of the two parent components become close
to each other. Moreover, the critical strain of the superlattice
is much less than that of their parent components. This feature
makes the superlattice even more interesting and promising to
be explored in other ferroelectric oxides.

It is worth mentioning that the nonpolar to polar phase tran-
sition occurs at a moderate strain, implying that these strained
systems might be experimentally synthesized. As a matter of
fact, strains of about ±3% are common for epitaxial oxides in
experiments nowadays, whereas a 6% biaxial strain has been
achieved in EuO grown on (LaAlO3)0.29-(SrAl1/2Ta1/2O3)0.71
substrate and a −6.6% compressive strain has been experi-
mentally realized in BiFeO3 grown on YAlO3 substrate [2,50].

IV. CONCLUSIONS

In summary, we demonstrate that tuning strain can induce
giant ferroelectricity in binary oxide AO (A = Cd, Mg, Ca, Sr,
Ba) and A1O/A2O superlattices. They possess unexpectedly
low polarization barrier and ideal large polarization that are
comparable to the classical ferroelectric BaTiO3 perovskite.
Their large longitudinal piezoelectric effect is mainly caused
by the huge deformation along the c direction due to a stress,
accompanied by a softened elastic compliance S33. These
unique properties make binary oxides AO excellent candidates
for multifunctional ferroelectric devices. As increasing ferro-
electric evidence has been reported in the strained-rocksalt
BaO or EuO, our present work will stimulate more exper-
imental efforts on ferroelectricity and piezoelectricity from
centrosymmetric binary oxides.
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