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Tuning the energy landscape of CaTiO3 into that of antiferroelectric PbZrO3
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PbZrO3 and CaTiO3 appear a priori as similar ABO3 oxide perovskites with very close tolerance factors.
Amazingly, they show, however, significantly distinct properties: while PbZrO3 is a prototypical antiferroelectric,
CaTiO3 is not. Here, we investigate the microscopic origin of their different behaviors. From the comparison of
the harmonic and anharmonic interatomic force constants, we highlight that the key differences are in their A-O
interactions. Then, specifically tuning the harmonic and anharmonic coefficients of these interactions, we show
that it is possible to make the energy landscape of CaTiO3 very similar to that of PbZrO3.
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Introduction. Antiferroelectric (AFE) materials refer to a
class of crystals that are naturally in a nonpolar phase and
can be switched into a polar phase under the application of
an external electric field [1,2]. Macroscopically, AFEs show
double hysteresis loops of polarization versus electric field
[3]. This specific feature is very appealing for applications
in energy storage and electrocaloric cooling [4–8], which has
recently fueled a renewal of interest for antiferroelectricity.
However, there are only a few materials known to be AFE,
and most of them belong to the family of oxide perovskites,
such as PbZrO3 (PZO) [9,10], PbHfO3 [11], NaNbO3 [12],
and AgNbO3 [13]. Clarifying further the underlying principles
that make a compound like PZO an antiferroelectric, while
many other perovskites like CaTiO3 (CTO) are not, therefore
appears as a natural and timely step forward in the rational
search and design of new AFE materials.

Among the large number of oxide perovskites, CTO show
a tolerance factor, t , very close to that of PZO: t (PZO) =
0.9701 (resp. 0.940) and t (CTO) = 0.9730 (resp. 0.946) using
Shannon atomic radii [14,15] (resp. bond valence parameters
[16]). This suggests that both compounds should exhibit very
similar behaviors. Amazingly, this is, however, not the case.
Both materials share the same Pm3̄m structure at high tem-
peratures but as the temperature decreases, they pass through a
distinct sequence of intermediate phases and exhibit different
room-temperature (RT) and ground-state (GS) structures.

In PZO, the RT phase is Pbam and shows double hysteresis
loops classifying it as AFE [17,18]. This phase was thought
for a long time to also be the GS structure, but this has been
questioned recently after the theoretical discovery of a Pnam
80-atom phase [19] and a ferrielectric Ima2 phase [20], which
are slightly lower in energy than Pbam (energy difference
around 1 meV/f.u.). These interesting new findings do not
question the well-attested AFE character of the Pbam phase
at room temperature but highlight a very flat energy landscape
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with various close energy minima in line with the existence
of an easy path to rotate dipoles in an electric field and reach
a polar phase from the Pbam state. The fact that the ground
state could be ferro or ferrielectric would not be unusual since
the RT phase of NaNbO3 is also known to be AFE while its
GS is ferroelectric.

In CTO, the RT and GS phase is instead Pnma, as in many
perovskites with t < 1 [21]. Although this phase also contains
antipolar motions of the A cations, arising from a trilinear
coupling with oxygen rotations and tilts, it is not known to
be AFE. At the macroscopic level, CTO is a regular dielectric
showing a linear evolution of its polarization in an electric
field. It manifests an eventual increase of dielectric constant at
low-temperature, questioning a potential incipient ferroelec-
tric character [22], but do not show any tendency to double
hysteresis loops. Considering the similarity in tolerance factor
of these two oxide perovskites, a natural question arises: why
is PZO AFE while CTO is not?

Previous studies have shown that there is in fact a signif-
icant difference between PZO and CTO in their electronic
structure. In PZO, there are significant hybridizations between
the Pb 6s and O 2p states [23], while in CTO the Ca-O inter-
action is essentially ionic [24]. Although certainly pointing in
the right direction, only highlighting this fact seems a bit short
to answer the above question convincingly, because the AFE
is a complex property directly linked to the lattice so that the
connection is not so straightforward.

At the lattice-dynamics level, a number of studies have
been devoted to understanding the Pbam phase of PZO.
Tagantsev et al. [25] proposed that the antiferroelectric Pbam
state is a “missed” incommensurate phase, and its conden-
sation is driven by the softening of a single polar mode via
flexoelectric coupling. Independently, Hlinka et al. [26] and
Íñiguez et al. [27] pointed out that the octahedral rotations and
a trilinear coupling of distortions play the key role in stabiliza-
tion of the Pbam state. Patel et al. [28] reported that a bilinear
coupling between the local dipoles and octahedral rotations
is another important ingredient. Recently, Shapovalov and
Stengel [29] reformulated the problem in terms of an essential
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rotopolar coupling between polarization, rotation, and rotation
gradients, merging some of the previous thoughts into a single
physical mechanism. Although a unified understanding for the
Pbam ground state is emerging, it is still unclear why the same
mechanism is not at play in similar perovskite such as CTO.

In addition, AFE properties rely not only on the specific
nonpolar ground state but also on the ability of switching from
the nonpolar to a polar phase under electric field, which means
that some flatness of the energy surface is also very crucial.
Therefore, to achieve better understanding of the mechanism
behind antiferroelectricity, it is necessary to expand the fo-
cus from a specific phase to a wider region of the energy
landscape.

Sampling of the Born-Oppenheimer potential energy sur-
face (PES) of each individual material can be achieved from
first-principles calculations but is not sufficient to unveil the
relevant physics. Starting from the reference cubic structure,
it is also possible to make a Taylor expansion of the PES
in terms of individual atomic displacements and macroscopic
strains, and to determine all coefficients from first-principles
data in a so-called second-principles approach. In this expan-
sion, individual coefficients are connected to specific physical
quantities such as interatomic force constants (IFC) in real
space, elastic constant, strain-phonon couplings, etc. These
can then be compared from one material to another in order
to trace back in a more transparent way which specific in-
teractions are responsible for the key changes in the energy
landscape.

In the present work, we explore the PES of PZO and
CTO by comparing their phonon dispersion curves in the
reference cubic structure and the energies of various poten-
tially metastable low-energy phases. We then compare their
harmonic and anharmonic IFCs and identify that key differ-
ences in the A-O interactions (i.e., Pb-O in PZO and Ca-O
in CTO), at both harmonic and anharmonic levels, are crucial
to explain the distinct energy landscapes of PZO and CTO.
Tuning then just these A-O interactions, we show that it is
possible to recover in CTO an energy landscape very similar
to that observed in PZO.

Methods. The first-principles calculations have been per-
formed in the framework of density functional theory
(DFT) using the ABINIT package [30–33] and a planewave-
pseudopotential approach. The calculations were based on
the generalized gradient approximation and norm conserving
pseudopotentials [34,35]. For the calculations of PZO, we
used the revised Perdew-Burke-Enzerh functional for solids
(PBEsol) [36]. The energy cutoff for the plane-wave ex-
pansion was 60 Ha, and the Brillouin zone sampling was
equivalent or denser to a 6 × 6 × 6 k-point grid for the
five-atom perovskite cell. For the calculations of CTO, we
used the Wu-Cohen (WC) parametrization for the exchange-
correlation potential [37] in order to maintain consistency
with a previous study [38]. We checked that PBEsol and
Wu-Cohen GGA functionals provide comparable results
(Fig. S1 [39]) and that our conclusions are not affected by this
specific technical choice. The plane wave expansion was cut-
off at 40 Ha, and k-point grids were equivalent to an 8 × 8 × 8
with respect to the five-atom perovskite cubic unit cell. The
electronic self-consistent cycles were converged until the po-
tential residual is smaller than 10−18 Ha.

Structural relaxations were performed based on the
Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimization al-
gorithm, using the convergence criteria of 10−6 Ha/Bohr for
the forces and 10−8 Ha/Bohr3 for the stresses. The second-
order derivatives of energy and the related properties (e.g.,
phonon frequencies, Born effective charges, harmonic inter-
atomic force constants, etc.) were calculated according to
density functional perturbation theory (DFPT) [40].

The Taylor expansion of the PES, around the reference
cubic structure, in terms of individual atomic displacements
and homogeneous strains, together with the determination
of all parameters from first-principles data, was realized
with MULTIBINIT [30], implementing the scheme proposed by
Wojdeł et al. [41,42]. In this scheme, the energy includes
harmonic and anharmonic contributions in terms of atomic
displacements, strains, and their couplings. At the harmonic
level, the coefficients are exactly those directly computed
from DFPT. At the anharmonic level, the number of terms
become gigantic; to keep the approach tractable, the most
relevant terms are selected and their coefficient are fitted in
order to reproduce the energies, forces, and stresses com-
puted from DFT for a set of configurations properly sampling
the PES. Here, we used the model previously developed by
Schmitt for CTO [38] and fitted a similar model for PZO.
BFGS structural relaxations were then performed using these
second-principles models, with the convergence criteria of
10−4 Ha/Bohr for the forces and 10−6 Ha/Bohr3 for the
stresses. At the second-principles level, phonon dispersion
curves were calculated based on the finite difference method,
using PHONOPY [43] to analyze the force set produced by
MULTIBINIT.

Typically, all energies reported for PZO have been double
checked at the DFT level while the energy landscapes of
CTO and modified CTO have been obtained at the second-
principles level [38].

Results and Discussion. We first compare the curvatures
of the PES around the cubic reference structure (RS) in PZO
and CTO from the analysis of their phonon dispersion curves
in the cubic phase. PZO displays phonon instabilities at all
high-symmetry q points, i.e., �, X , M, and R [Fig. 1(a)].
The in-phase and antiphase rotations of oxygen octahedra at
M and R points show the strongest instabilities (177.9i and
183.6i cm−1), followed by the ferroelectric instabilities at �

point (135.7i cm−1). PZO also exhibits other unstable modes
at M and R points, which are related to antipolar motions.
In contrast to PZO, CTO possesses fewer unstable branches
[Fig. 1(b)]. The strongest instabilities are the in-phase and
antiphase oxygen octahedra rotations at M and R (198.3i
and 209.3i cm−1). The polar modes at � are less unstable
(139.3i cm−1), whereas the antipolar modes at X , M, and R,
which are unstable in PZO, are all stable in CTO.

To explore the energy minima and saddle points of the
PES, away from the RS, we performed structural relaxations
of various (meta)stable phases produced by the condensation
of distinct soft modes. The energy gains of these different
phases with respect to the cubic reference structure, obtained
by fully relaxing the atomic positions and cell parameters,
are plotted in Fig. 1, when ordered according to their de-
creasing amplitude of energy gains either in PZO [Fig. 1(c)]
or in CTO [Fig. 1(d)]. In PZO, we see a rather smooth and
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FIG. 1. Comparisons of the energy landscapes of PZO and CTO. [(a), (b)] Phonon dispersion curves of the reference cubic phase for PZO
and CTO, respectively. [(c), (d)] Energies of various (meta)stable phases of PZO and CTO, respect to the cubic phase taken as energy reference
in each case. Phases are ordered according to decreasing energy gains either in PZO [panel (c)] or CTO [panel (d)].

continuous evolution of energy gains in the different phases
associated with the condensation of the most unstable modes
at � (P4mm, Amm2, R3m), M (P4/mbm), and R (I4/mcm,
Imma, R3̄c) points. In CTO, the energy gains of pure polar
phases (P4mm, Amm2, R3m) are notably smaller than that
of other phases, and there is a gap, without any metastable
phase, between these polar phases and the rotational phases
(P4/mbm, I4/mcm, Imma, R3̄c). In addition, since CTO has
no antipolar instabilities at X , M, and R points, the corre-
sponding local minima (Pmma, Cmcm, Cmmm, P4/nmm,
I4/mmm, R3̄m) disappear on the PES of CTO. We checked
explicitly the potential stability of these phases and it turns out
that they relax back to the RS. Also, we did a full relaxation
starting from Pbam phase in CTO and the system evolves
toward a final Imma phase, in which the antipolar � mode
is suppressed. All these characteristics of the energy sequence
are preserved in fixed-cell relaxations (Fig. S2 [39]), indicat-
ing that the strains do not play a significant role in these two
materials. Overall, the PES of PZO show much more minima
or saddle points which are close in energy, providing more
opportunities for low energy paths during transitions between
different phases. Comparably, the PES of CTO is much more
rugged with less energy minima at more distinct energy scales.

If we consider the criteria for antiferroelectricity, it appears
that PZO and CTO possess both nonpolar ground state, Pbam
and Pnma, and a polar R3c phase whose energy is only
slightly higher than the ground states. The energy difference
between Pbam and R3c is less than 1 meV/f.u. in PZO, and

the difference between Pnma and R3c is about 26 meV/f.u.

in CTO. Although the latter is a bit larger, the electric field re-
quired for the R3c phase to become thermodynamically more
stable than Pnma in CTO is of the order of 1.2 × 108 V/m,
which remains accessible.

Beyond the proximity of a polar phase with the nonpolar
ground state, another key requirement for AFE behavior is
that the energy barrier between these phases needs to be suffi-
ciently low, which seems to be more crucial in explaining the
distinct behaviors of PZO and CTO. In PZO, the series of low
energy phases involving either polar, antipolar, and rotational
modes gives a hint that the phase transition would be much
more easy via hopping between these local minima. These
characteristics of PES are exactly what is lacking in CTO.

We now turn to seek and identify the key interactions
responsible for the main differences between PZO and CTO.
At first, we notice that atomic mass differences do not play
a major role in this context (Fig. S3 [39]). We thus focus
on the interatomic force constants (IFCs), especially those
whose interatomic distance is not larger than the length of the
unit cell. In Table I, we have used the conventional definition
of the interatomic force constant, given by Cα,β (lκ, l ′κ ′) =
−Fα (lκ )/�τβ (l ′κ ′) [44], which relates the forces Fα (lκ ) act-
ing on atom κ in cell l along direction α to the displacement
�τβ (l ′κ ′) of atom κ ′ in cell l ′ along direction β. For lκ �=
l ′κ ′, the IFC can be interpreted as the opposite of the stiff-
ness constant of a virtual spring bridging the two atoms.
So, a negative value of IFC means that the interaction is
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TABLE I. Values (Ha/Bohr2) of the harmonic interatomic force
constants in real space in local coordinates for distinct nearest-
neighbor pairs of atoms in the reference cubic structure. The symbols
‖ and ⊥ refer to the longitudinal and transverse components, re-
spectively. Negative values correspond to stable interactions (i.e.,
generating a restoring force). A comparison of our results with pre-
vious results in the literature relying on distinct functionals is also
provided.

PZO PZO [44] CTO CTO [45]

A-O ‖ +0.0124 +0.0139 +0.0110 +0.0108
⊥1 −0.0049 −0.0055 −0.0055

⊥2 (zz) −0.0099 −0.0103 −0.0112 −0.0116
B-O ‖ −0.0549 −0.0687 −0.0369 −0.0382

⊥ −0.0104 −0.0100 −0.0184 −0.0184
A-B ‖ −0.0271 −0.0271 −0.0273 −0.0266

⊥ +0.0138 +0.0145 +0.0144 +0.0150
A-A′ ‖ −0.0097 −0.0094 −0.0086 −0.0085

⊥ +0.0052 +0.0056 +0.0037 +0.0040
B-B′ ‖ −0.0508 −0.0499 −0.0814 −0.0788

⊥ +0.0049 +0.0054 +0.0089 +0.0084

stable (tends to recover under stretch or compression), and
a positive value means it is unstable (could not maintain
a stable interatomic distance). The on-site force constants
(lκ = l ′κ ′) in Table II follow the definition Cα,β (lκ, lκ ) =
−∑

l ′κ ′( �=lκ ) Cα,β (lκ, l ′κ ′) [44], and give the opposite in-
dication as the IFCs, i.e., positive value of on-site force
constant represents stability and negative value represents
instability.

From Tables I and II, it appears that the signs of all IFCs
and on-site force constants are the same in PZO and CTO, in-
dicating that the two materials show similar stability from the
local perspective. The A-O interaction is destabilizing (pos-
itive) along the longitudinal direction, A-A′ is destabilizing
(positive) along the transverse directions in both compounds,
but both A-O (‖) and A-A′ (⊥) are softer in PZO. Hence, there
is more tendency in PZO than CTO for the A-O-A chain to
form a short-long bond arrangement and the A-A-A chain to
form a transverse wave. This observation is consistent with
the analysis of the phonon dispersion curves showing that
PZO has much more instabilities of polar/antipolar character
than CTO. In line with their tolerance factor smaller than one,
the B atom shows fewer instabilities compared to the A atom,

TABLE II. Values (Ha/Bohr2) of the on-site harmonic inter-
atomic force constants in real space for distinct atoms in the reference
cubic structure. Positive values correspond to stable interactions (i.e.,
generating a restoring force). A comparison of our results with pre-
vious results in the literature relying on distinct functionals is also
provided.

PZO PZO [44] CTO CTO [45]

A xx = yy = zz +0.0163 +0.0129 +0.0267 +0.0269
B xx = yy = zz +0.2068 +0.2302 +0.2230 +0.2236
O xx = yy +0.0203 +0.0166 +0.0433 +0.0432
O zz +0.2454 +0.2758 +0.2623 +0.2624

which is manifested by the much larger on-site force constant
of the B atom than that of the A atom, and the quite weak
instability of B-B′ (⊥) compared with the strong stability of
B-B′ (‖). Therefore, the key differences in the polar/antipolar
modes and phases in PZO and CTO are very likely linked to
the interactions involving the A atoms.

Relying on the previous analysis, we can then individually
adjust the IFCs for each nearest neighbor atomic pair to inves-
tigate how this affects the phonon instabilities. In this way, we
directly probe the effect of individual IFCs on specific modes.
To facilitate comparison, we replaced certain interactions in
CTO with their corresponding ones in PZO and examined
whether the modified CTO model could recover the main
features of PZO.

In Figs. 2(a) and 2(b), we examine the effect of the nearest
A-O interactions. Amazingly, replacing only the nearest A-O
interactions changes the phonon instabilities of CTO making
them quite similar to PZO [Fig. 2(a)]. In particular, the antipo-
lar modes at X , M, and R, which were initially stable, become
unstable after modification [Fig. 2(b)]. Besides, the instability
of the lowest phonon band is enhanced, especially the polar
modes at the � point. Hence, this highlights that the A-O
harmonic interaction is crucial for explaining the differences
between CTO and PZO at the harmonic level.

We have also modified the harmonic IFCs of other nearest
neighbor atomic pairs. However, unlike the modification of
the nearest A-O interactions, altering these other harmonic
IFCs has either a negligible effect on the phonon instabilities
or does not result in a change of the phonon dispersions
toward PZO (Fig. S4 [39]). Therefore, we conclude that, at
the harmonic level, the A-O interaction is the key factor re-
sponsible for the distinct behavior of CTO and PZO.

It is now interesting to examine if the modifications of
CTO at harmonic level are sufficient to also reproduce the
energy gains of the (meta)stable phases of PZO. To properly
disentangle the role played by harmonic and anharmonic in-
teractions, we consider here an extreme case in which all the
harmonic IFCs of CTO have been replaced by those of PZO,
so that both materials are rigorously identical at the harmonic
level. We refer to this artificial case as PZOhar + CTOanh
and investigated the energy landscape in this specific case.
Our findings [Fig. 2(c)] can be summarized as follows. First,
it is now possible to relax a Pbam phase, and this Pbam
phase exhibits the lowest energy. Second, due to the on-
set of the unstable antipolar modes at the harmonic level,
the pure antipolar phases (Pmma, Cmcm, Cmmm, P4/nmm,
I4/mmm, R3̄m) appear on the PES. Nonetheless, compared
to PZO, the modified PES is still rugged since some phases
show anomalously low energy, including the antiferroelec-
tric Pbam, polar phases R3c, Amm2, P4mm, and the CTO
ground state Pnma. We therefore conclude that difference at
harmonic level between PZO and CTO is insufficient to ac-
count fully for the differences in the energy landscapes of both
compounds.

Accordingly, we now turn to the search of the crucial
differences in the anharmonic interactions. The over stabi-
lization of polar phases on PZOhar + CTOanh suggests that
the crucial anharmonic interactions should have the ability to
eliminate this feature. We analyzed the energy contribution
of each anharmonic term in the PZOhar + CTOanh model on
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FIG. 2. Tuning CTO similar to PZO. [(a), (b)] Phonon dispersion curves of the cubic reference structure of a modified CTO model (mCTO,
solid red curves), in which the nearest A-O CTO harmonic IFCs were replaced with the PZO ones, in comparison with the phonon dispersion
curves of bare PZO and CTO (dashed curves), respectively. [(c), (d)] Comparison of the energy gains of distinct (meta)stable phases of PZO
(light blue bars) with those of modified CTO models (red bars) combining (c) the harmonic part of PZO with the anharmonic part of CTO
(PZOham + CTOanh) and (d) including on top a symmetry adapted term (Cax-O1x )4 with a coefficient of 0.4259 × 10−3 Ha/Bohr4 similar to
that in PZO.

the (meta)stable phases and identified a few candidate terms
(Fig. S5 [39]). We examined the effects of tuning these anhar-
monic terms without, however, finding a way to reproduce a
behavior similar to PZO (Fig. S6 [39]). It is therefore hard to
conclude if the role of these terms is crucial.

Instead, it is also possible that the crucial term for realizing
the PZO PES does not exist in our CTO model (limited to most
relevant anharmonicities). To figure out the missed but crucial
term, we compared the dominant anharmonic terms in CTO
and PZO. We found that the term (Ax-O1x )4, which corre-
sponds to an anharmonic interaction between A-O, contributes
a large proportion in most phases in PZO, while this term does
not appear in CTO. Relying on that, we investigated the effect
of this term by adding it to the PZOhar + CTOanh model
while simply keeping its value the same as in the PZO model.
Intriguingly, adding this term now results in a similar trend
of energy gains than in PZO (Fig. 2(d) and Fig. S7 [39]). It
reduces the stability of all the metastable phases, particularly
those anomalously low in energy. Although there is still some
slight roughness, the energy gains are now much smoother
than in the pristine CTO model and quite close to that of
PZO. We can thus infer that this anharmonic term (Ax-O1x )4

is crucial for imitating the PZO energy landscape.
It is very interesting to observe that, at both the harmonic

and the anharmonic levels, the key difference between PZO

and CTO appears located in the nearest A-O interactions. This
allows us to make a clear link between the distinct electronic
and dynamical properties of PZO and CTO previously men-
tioned. The Pb ion has a 6s2 lone pair, and the Pb-O bond in
Pb-based perovskites is partially covalent [46,47]. There is a
strong preference for the Pb ion to have a noncentrosymmetric
coordination environment, because the hybridization between
the Pb 6s and O 2p states gives rise to an additional driving
force for the Pb to be off centering than the geometric fac-
tor (i.e., tolerance factor <1). In contrast, the Ca-O bond in
CTO is largely ionic [24]. The driving force is almost solely
geometric, and therefore the off centering tendency of Ca in
CTO is much weaker compared to that of the Pb in PZO.
Thus, it can be seen that the distinct characters of the A-O
bond and the differential behaviors of the A-O interactions are
closely interrelated. From the present study, it is the difference
in A-O interactions that dominantly explain the different PES
between PZO and CTO.

Conclusion. To summarize, we have questioned why PZO
is AFE while CTO is not, although both compounds ex-
hibit very similar tolerance factors. Doing so, it appeared
that not only their RT and GS phases are distinct but their
whole energy landscapes show significantly different features.
We highlighted that, already in their cubic reference struc-
tures, both compounds show significantly different phonon
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dispersion curves, which has been specifically assigned to
distinct first neighbor A-O harmonic interactions. We have
shown that tuning the latter in CTO, allows to recover the
dispersion curves of PZO but is not enough to reproduce
its full energy landscape, which further requires also in-
cluding anharmonic A-O corrections. It is known that, at
the electronic level, the Pb-O bond in PZO is much more
covalent than the Ca-O bond in CTO. Our work provides
strong evidence that the simple renormalization of A-O har-
monic and anharmonic interactions is the dominant factor
explaining the different GS and energy landscape of both
compounds.
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