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The structure of ABOj; perovskites is dominated by two types of unstable modes, namely, the oxygen
octahedral rotation (AFD) and ferroelectric (FE) mode. It is generally believed that such AFD and FE
modes tend to compete and suppress each other. Here we use first-principles methods to show that a dual
nature of the FE-AFD coupling, which turns from competitive to cooperative as the AFD mode strengthens,
occurs in numerous perovskite oxides. We provide a unified model of such a dual interaction by introducing
novel high-order coupling terms and explain the atomistic origin of the resulting new form of
ferroelectricity in terms of universal steric mechanisms. We also predict that such a novel form of
ferroelectricity leads to atypical behaviors, such as an enhancement of all the three Cartesian components
of the electric polarization under hydrostatic pressure and compressive epitaxial strain.
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Perovskite-based ferroelectrics (e.g., BaTiO5, PbTiOs,
BiFeO;) are the best known and studied ferroelectrics,
because they are not only important for applications, but
also ideal for understanding the origin of ferroelectricity. In
fact, it was demonstrated [1] that the hybridization between
the low-lying empty states of the cation (e.g., Ti**, Pb**,
and Bi*") and the O 2p states (i.e., second-order Jahn-
Teller effect [2]) are key factors for the occurrence of
ferroelectricity in proper ABO; perovskite oxides. It is now
therefore widely believed that this feature is essential for
proper ferroelectricity to happen in perovskites.

This common belief is, in fact, challenged by the recent
experimental discoveries that many ABO; with unusually
small A ions are polar and/or ferroelectric. For instance,
Inaguma et al. synthesized [3] ZnSnO; with a polar R3¢
LiNbO;-type (LN-type) structure, while Sn** has no low-
lying empty d states and Zn>* does not possess any lone
pair. Subsequently, ZnSnO; thin films [4] were further
shown to exhibit a high and switchable FE polarization of
~47 uC/ cm?. Moreover, the calculated Born effective
charges [5] for ZnSnO; are close to the corresponding
nominal charges, confirming that the conventional covalent
interaction mechanism is not responsible for ferroelectric-
ity. Strikingly, other LN-type materials with small A ions,
such as ZnPbO; [6,7], ScFeO; [8,9], InFeO5 [10], PbNiO;
[11] were synthesized. Some of them (e.g., Mn,FeTaOg,
Zn,FeOsOg) [12-14] even simultaneously adopt ordered
magnetism, which therefore renders them multiferroic. In
these materials, A-site driven FE distortions [Fig. 1(a)]
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coexist with large antiferrodistortive (AFD) modes [rota-
tions or tilts of the Og octahedra, Fig. 1(b)] [15]. However,
those two structural distortions are known to typically
compete in perovskites [16—19]. Since these ferroelectrics
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FIG. 1. Schematization of the (a) FE and (b) rotation modes,

respectively, and (c) dependence of the frequency of the (un-
stable) FE mode on the rotation mode in the R3¢ phase of ABOj.
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are promising for the generation of Pb-free ferroelectric
thin films and the realization of room-temperature multi-
ferroics, it is highly desirable to understand the mechanism
of their ferroelectricity, and why or how the strong FE and
large AFD modes can coexist.

In this Letter, we perform density functional theory (DFT)
simulations [see Sec. I of the Supplemental Material [20]] to
reveal that the FE-AFD couplings follow a universal
behavior in many perovskites and related materials, chang-
ing from competitive to cooperative as the Og tilts increase.
In particular, these couplings are found to be cooperative in
the regime that is relevant to LN-type compounds like
7ZnSnO;, and explain the ferroelectric distortion in this
and related materials (e.g., the “ferroelectric” metal
LiOsO; [44]). We further show that the cooperative FE-
AFD coupling originates from a general steric effect.

Figure 1(c) summarizes our most important result,
revealing the dual nature of the FE-AFD couplings for
diverse ABO; perovskite compounds such as ZnSnOs;,
BiFeOs;, InFeO3, ScFeOj3, and LiOsO;. The rhombohedral
(noncentrosymmetric) R3¢ ground states of these com-
pounds can be formed by superimposing two different
distortions onto the ideal cubic perovskite structure, as
shown in Figs. 1(a) and 1(b): (i) the FE mode that consists
of the collective motions of A and B ions along the
pseudocubic [111] direction; and (ii) antiphase oxygen
octahedral rotations about the pseudocubic [111] direction
(a~a~a~ pattern in Glazer’s notation [45]). To produce
Fig. 1(c), we computed the phonon spectrum (e.g., see Fig.
S1 of the Supplemental Material [20]) in the R3¢ phases
which are obtained by superimposing the a~a~a™ tilt (with
different amplitude defined with a reduced dimensionless
unit [46]) to the ideal cubic perovskite structure [47].
We always observe the same pattern: For relatively small
tilts, the frequency of the FE mode along the [111] pseu-
docubic direction typically grows and approaches zero,
implying that the polar instability gets weaker, as consistent
with the fact that octahedral tilts have been reported to
suppress ferroelectricity in many perovskites (see, e.g.,
Refs. [15,16,41,48,49]). However, the tendency reverts for
relatively large tilts: as the tilting amplitude grows, we
obtain more negative frequencies and, correspondingly,
stronger FE instabilities. We also examined LaAlO; and the
effect of a ferroelectrically active B ion (i.e., Ti*") (see
Sec. III. 1 of Supplemental Material [20]) to find that the
FE-AFD coupling is also cooperative there when the tilt is
large. Hence, we find that the FE-AFD competition turns
into a strong cooperation for large-enough tilt amplitudes
for all investigated compounds (i.e., those examined in
Fig. 1(c) and Fig. S8 [20]) with tolerance factors ranging
from 0.78 to 1.00 (Table S2 of Supplemental Material [20]).

Having established our basic result, we now focus on
ZnSnO;, which is a representative material of LN-type
compounds. We note that, while we fully realize that
the LN-type and perovskite structures are qualitatively

different, here we adopt the approach that LN-type com-
pounds can be thought of as perovskites with very small
tolerance factors and large AFD distortions. This will be
useful for a unified discussion of the relevant couplings,
and to emphasize their observed generality.

Within a reduced dimensionless unit [46], the ampli-
tudes of the FE mode and oxygen octahedral rotation (R)
in the R3¢ ground state of ZnSnOj; are numerically found
to be 0.21 and 0.49, respectively. Correspondingly, we
obtain the electric polarization to be 55 uC/cm?, in
agreement with previous experimental [4] (47 uC/cm?)
and theoretical [5] (57 uC/cm?) results, and the rotational
angle 0 of the oxygen octahedra is as large as ~19° (note
that tan(0) = (v/2/2)R).

To further investigate the dual FE-AFD coupling, we
calculate the FE amplitude resulting in the lowest energy
for a given rotation amplitude for R3¢ ZnSnO;. The
dependencies of such FE amplitude and corresponding
total energy on the rotation amplitude are both shown in
Fig. 2(a) (similar results are found for other systems, see
Sec. III. 3 of Supplemental Material [20]). Three different
structural relaxation strategies are adopted, in order to
determine the influence of the lattice vectors on the FE
amplitude and total energy: “fix cell,” “fix cell shape,” and
“relax cell.” In each of these three cases, the FE mode
amplitude is optimized during the structural relaxation
while the octahedral rotation amplitude is kept fixed at a
given value. These three relaxation schemes differ in the
way the cell is relaxed: in the fix cell scheme, the lattice
vectors are fixed to that of the paraelectric cubic Pm3m
structure as obtained from a symmetry-constrained relax-
ation of ZnSnQOs; in the fix cell shape case, the cell is still
chosen to be cubic (thus implying that no rhombohedral
strain can exist) but its volume can relax; in the relax cell
scenario, the lattice vectors are fully optimized. Several
interesting trends can be observed from Fig. 2(a): (i) the
total energy has a minimum at about R = 0.5 for all these
three different structural relaxation schemes, which is
close to the equilibrium octahedral rotation amplitude in
the fully relaxed R3c¢ ground state of ZnSnOs; (ii) the
amplitude of the FE mode first decreases and then increases
with R, which is in line with the dependence of the phonon
frequency on the rotational amplitude depicted in Fig. 1(c).
Such nonmonotonic behavior occurs for all three consid-
ered elastic constraints, therefore indicating that strain
relaxations do not play any qualitative role in the observed
dual nature of the FE-AFD coupling, in sharp contrast with
the interesting finding for tetragonal SrTiO; by Aschauer
and Spaldin [29]; (iii) the main difference between the
different relaxation schemes is that the minimum of the FE
mode locates at different rotation amplitudes. In particular,
if more strain degrees of freedom are allowed to relax
(e.g., if one goes from fix cell to relax cell), the rotation
amplitude associated with the minimal value of the FE
amplitude becomes smaller. It is also interesting to realize
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FIG. 2. Couplings between the rotation and FE modes in R3¢
7ZnSn0O;. (a) FE amplitude and total energy versus the amplitude
of the rotation mode. Three different structural relaxation
strategies are chosen (i.e., fix cell, fix cell shape, and relax cell),
as explained in the text. (b) Total energy (in eV/10 atoms) as a
function of the FE amplitude when the rotation mode is fixed and
when choosing the lattice vectors of the cubic relaxed Pm3m state
of ZnSnO;5. Three different rotation amplitudes (R = 0.4, 0.5,
0.6) are chosen. Symbols and dashed line represent DFT results
and their fit by Eq. (1), respectively. The solid lines are the model
results excluding the u?>R* term. The inset in panel (b) shows the
resulting fitted A, parameter (in eV /10 atoms) as a function of the
rotational amplitude.

that in the region corresponding to the lowest energies (i.e.,
for AFD amplitudes around 0.5), the strength of the FE
mode increases with R in the relax cell situation while it
adopts an opposite behavior in the fix cell scenario. Note
that in some systems (e.g., ScFeO; and InFeO;, see
Sec. III.3 of the Supplemental Material [20]) the tilt
magnitude can be large enough to make the overall FE-
AFD coupling cooperative even in the fix cell scenario.

In order to better understand the dual nature of the FE-
AFD coupling in R3¢ ZnSnO;, we now introduce a
Landau-like potential. More precisely, group theory allows
us to derive the following energy expression (up to sixth
and fourth orders in FE and AFD mode amplitudes,
respectively) for the distorted R3c perovskite structure
with respect to the cubic paraelectric state:

E(u.R) = Ay(R)u® + Ay(R)u* + Ag(R)u® + E(R), (1)

where 1 and R represent the amplitudes of the FE and AFD
modes, respectively. E(R) characterizes the pure rotational
part of energy. Ay(R)=A,» + A, pR>+ AR, A4(R) =
Ap +AM4R2R2 —|—Au4R4R4 and A(,(R) =As —I—AueRsz,
with Appr, Apps, Apge, Aysps, and A spe being coefficients
quantifying different FE-AFD couplings. Note that the
strain degree of freedom is not explicitly included in this
Landau potential, for simplicity and because we showed
above that strain does not qualitatively change the dual
nature of the FE-AFD coupling. We find that this Landau
potential can describe well the FE-AFD interactions. To
demonstrate that, we first fix the lattice vectors to be those
of the fully relaxed cubic paraelectric Pm3m state and
report in Fig. 2(b) the total energy of the R3c phase as a
function of the FE mode amplitude for three different fixed
R values: (i) R = 0.4, which falls into the region for which
the rotational mode typically suppresses the FE mode [see
Fig. 2(a)]; (i) R = 0.5, near which the FE mode has a
minimum for the fix cell case of Fig. 2(a); and (iii) R = 0.6,
for which the AFD mode has the tendency to enhance the
FE mode [see Fig. 2(a)]. For each of these three considered
R values, the fitted curve (dashed line) of Fig. 2(b)
corresponds to the proposed Landau potential and matches
very well with the calculated DFT results (shown by means
of symbols), therefore supporting the suitability of the
model. It can be seen in the inset of Fig. 2(b) that the
resulting A, parameter (as extracted from the fit of DFT
calculations with many different fixed R amplitudes and
frozen lattice vectors corresponding to the relaxed cubic
paraelectric state) first increases but then decreases with R,
while always remaining negative. This naturally implies
that A2pe > 0 and A,2z+ < 0. The existence of the two
couplings A 2> and A, 2+ having opposite signs evidences
the dual nature of the FE-AFD coupling in ZnSnOj: positive
A, 22 1s responsible for the competition between these two
modes for smaller R, while negative A, 2p+ testifies of the
collaborative nature of the FE and AFD modes for larger R.
Note that, if the #?R* term is excluded from the Landau
model, the FE mode would be greatly suppressed by the tilt:
in fact, we numerically found that there would be no FE
instability for R = 0.4, 0.5, and 0.6 in that case [see solid
lines of Fig. 2(b)], which demonstrates the crucial role that
this previously overlooked u”>R* coupling plays on ferro-
electricity in compounds like ZnSnOj.

To shed further light on this dual nature, we investigate
its microscopic mechanism. We find that the dual nature of
the FE-AFD coupling has a simple steric origin. In fact, the
interaction between the Zn>* and O>~ ions includes two
contributions, namely, an attractive one (electrostatic or
covalent bonding) and a repulsive one (Pauli repulsion).
When the rotation amplitude is small (i.e., R smaller than
0.5), the attractive part of potential between Zn and O
dominates and the three nearest-neighboring (NN) oxygen
ions attract the Zn ion and tend to keep it in plane. In
contrast, when the rotation amplitude is large enough (e.g.,
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R = 0.69), the shortest NN Zn-O distance is smaller than
the optimal Zn-O bond length, which results in a repulsive
force. The three NN oxygen ions consequently push the
central Zn ion out of plane, thus lowering the repulsive
contribution to the energy and inducing an electric polari-
zation along the pseudocubic [111] direction (see Sec. I of
the Supplemental Material for a detailed discussion [20]).
This is different from the small (even zero) AFD rotation
case where the proper ferroelectricity in ZnSnOj is due to
the fact that the Zn ion is undercoordinated (The Zn ion
tends to move closer to oxygen ions and form bonds
with them).

Note that Benedek and Fennie [15] also noticed the local
environment of the Zn ion in the R3c structure of ZnSnOs.
They proposed that the driving force for the FE instability
in R3c structure can be understood from bond valence
arguments. However, they did not appreciate the collabo-
rative effect between AFD and FE modes to explain
ferroelectricity in ZnSnOs. In fact, they used a Landau-
like model only up to fourth order, which excludes the
presence of the u”?R* term required to reproduce the dual-
coupling behavior that we observe. We further show that
the FE-AFD dual coupling also exists for tilt patterns other
than the a~a~a~ tilt (Sec. II. 2 of Supplemental Material
[20]). A theoretical work [29] on SrTiO5 suggests that FE
and AFD modes may actually cooperate because of an
effect mediated by strain if one were able to access a
suitable regime. However, our proposed steric effect (not
necessarily involving strain) responsible for the FE-AFD
cooperation is more general than and different from the
special strain mechanism for SrTiO; (see Sec. III. 2 of the
Supplemental Material [20]).

The novel FE-AFD cooperative coupling revealed in this
work also leads to atypical effects. It is well known that
hydrostatic pressure typically weakens or even suppresses
electrical polarization in most perovskites [50,51], since
the short-range repulsions (favoring a paraelectric state)
increase more rapidly than long-range interactions (prefer-
ring a FE state) as pressure increases. On the other hand,
improper ferroelectricity in hexagonal ReMnO; and
ReFeO; (Re stands for a rare-earth element) was found
to be stronger under compression [52,53], as a result of the
concomitant enhancement of the primary K5 AFD tilting
mode. In view of such an interesting behavior, one may
wonder how pressure will affect ferroelectricity in LN-type
compounds. Indeed, while being proper in nature, we find
that ferroelectricity in materials like ZnSnQOs is linked to the
amplitude of the nonpolar AFD distortion, and the FE
response to any external perturbation should thus be
conditioned by the response of the tilting modes. To
address such an issue, the FE polarization and AFD rotation
amplitudes in the R3¢ state of ZnSnO5 are shown in Fig. 3
as a function of hydrostatic pressure up to 80 kbar. Three
different ways to relax the structures are adopted here:
(i) both atomic positions and lattice vectors are fully
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FIG. 3. Pressure behavior of the electrical polarization in R3¢

ZnSnO;. (a) Amplitudes of the polarization (solid lines) and
rotation (dashed lines) as a function of pressure. Three different
ways for structural optimization are adopted, namely, fix cell
shape, full relax, and fix rotation (see text). (b) Coefficients (A2,
A,ope, and Appe) related to the second order u? terms as a
function of the cubic lattice constant. (¢) Schematization of four
different mechanisms for the pressure effect on the FE polariza-
tion. In ZnSnO3, A 2+ decreases quickly with pressure, which is
mainly responsible for the enhancement of FE polarization by
pressure.

relaxed, which is denoted as the full relax case in
Fig. 3(a); (ii) the lattice vectors are optimized and atomic
positions are relaxed, except those related to the AFD
rotation, which are fixed to be equal to their zero-pressure
values; this situation is termed fix rotation here; and (iii) the
cell shape is taken to be cubic, while the atomic positions
and the volume of such a cubic cell are allowed to relax in
order to minimize the energy; such a case is denoted fix cell
shape. In all these three cases, Fig. 3 indicates that the
electrical polarization increases with the hydrostatic pres-
sure, which constitutes a novel effect for proper ferro-
electrics. When no rhombohedral distortion is allowed (i.e.,
in the fix cell shape scenario), the magnitude of the FE
polarization is smaller than in the other two cases, but the
polarization-versus-pressure curve has a similar slope. Note
that we also found that the octahedral rotation amplitude
increases with pressure in the full relax case; however,
such an increase is tiny, which explains why the electric
polarization is almost identical in the full relax and fix
rotation cases. We show that the fact that A z+ quickly
decreases when reducing the lattice constant [mechanism
II in Fig. 3(c)] constitutes the main and novel mechanism
responsible for the unusual enhancement of polarization
under pressure (see Sec. II.5 of the Supplemental
Material [20]).
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In addition, we discover that a compressive epitaxial
strain enhances not only the out-of-plane polarization, but
also the in-plane components of the polarization since the
compressive strain enhances the a’a’c~ octahedron rota-
tion, which subsequently leads to an enhancement of the in-
plane FE polarizations as a result of the cooperative —u’R*
term (see Sec. II. 6 of the Supplemental Material [20]). The
dual FE-AFD coupling may also result in unusual finite-
temperature effects. For instance, the R3¢ phase appears to
have a higher T, than the P4mm phase without tilt even
though the P4mm phase has a larger polarization than the
R3c phase (see Sec. IV of Supplemental Material [20]).

In summary, we reveal the dual nature of the FE-AFD
coupling in many ABO; perovskites. We dispute the
common knowledge that FE-AFD couplings are always
competitive in any regime of practical importance. In fact,
we show that, while the large-AFD range is not relevant for
some common perovskites (like, e.g., CaTiO5 or SrTiOy), it
does apply to all-important recently synthesized LiNbO;-
like compounds (like, e.g., ZnSnO; or LiOsO;) that display
a noncentrosymmetric ground state combining AFD and
FE distortions.
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