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Microscopic picture of paraelectric perovskites from structural prototypes
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We highlight with first-principles molecular dynamics the persistence of intrinsic 〈111〉 Ti off-centerings for
BaTiO3 in its cubic paraelectric phase. Intriguingly, these are inconsistent with the Pm3̄m space group often used
to atomistically model this phase using density-functional theory or similar methods. Therefore, we deploy a
systematic symmetry analysis to construct representative structural models in the form of supercells that satisfy
a desired point symmetry but are built from the combination of lower-symmetry primitive cells. We define
as structural prototypes the smallest of these that are both energetically and dynamically stable. Remarkably,
two 40-atom prototypes can be identified for paraelectric BaTiO3; these are also common to many other
ABO3 perovskites. These prototypes can offer structural models of paraelectric phases that can be used for the
computational engineering of functional materials. Last, we show that the emergence of B-cation off-centerings
and the primitive-cell phonon instabilities is controlled by the equilibrium volume, in turn, dictated by the filler
A cation.
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Compounds with the perovskite structure are a versa-
tile class of functional materials exhibiting a wide range of
properties, such as superconductivity [1], catalysis [2], photo-
voltaic energy harvesting [3], and ferroelectricity [4,5]. When
ferroelectric, perovskites sustain a spontaneous polarization
that can be switched with an electric field; as the temperature
is raised, there is a transition above the Curie temperature to
a paraelectric phase that has no net polarization. Early studies
of BaTiO3 (a prototypical ABO3 ferroelectric perovskite) sug-
gested for these transitions a microscopic “displacive” model
in which local displacements of the B cation (titanium) align
with the macroscopic polarization [6,7]. For BaTiO3, this is
along the 〈111〉 direction in the rhombohedral ground state; as
the temperature increases there is a transition to an orthorhom-
bic phase above 183 K with the polarization along 〈110〉,
then to a tetragonal phase above 278 K with the polariza-
tion along 〈100〉, before reaching the paraelectric cubic phase
above 393 K with no net polarization [7]. The results from
diffuse x-ray scattering for all phases but the rhombohedral
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one [8,9] are somewhat inconsistent with such a displacive
model. This has led to the application of the order-disorder
model for the transitions [10,11] in which local polar dis-
placements, driven by the pseudo-Jahn-Teller effect [12], are
in different ordered arrangements in the ferroelectric phases
at low temperatures and become disordered in the paraelectric
phase. These two models can be reconciled if one considers
the time averaging inherent to most characterization tech-
niques, which can effectively wash out the local displacements
and present a higher-symmetry structure where the averaged
displacements are aligned with the macroscopic polarization
or cancel out [13].

Microscopic displacements [8,9,13–19] and phase tran-
sitions in perovskites have been studied extensively using
effective Hamiltonians [20–25] or molecular dynamics, most
often based on density-functional theory (DFT) [26–31].
Interestingly, BaTiO3 supercells possessing local 〈111〉 Ti
displacements and maintaining the experimentally observed
macroscopic polarization have been shown to be energetically
favorable [32–34] and dynamically stable [32], offering a
unique insight into the microscopic potential-energy surfaces
for these materials.

To elucidate the microscopic picture of paraelectricity in
these perovskites, we performed Car-Parrinello molecular dy-
namics (CPMD) simulations of cubic BaTiO3, finding clear
microscopic evidence of Ti off-centerings, and associated
dipoles along the 〈111〉 directions which persist well above the
Curie temperature, consistent with the order-disorder model.
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FIG. 1. CPMD simulation of BaTiO3. Histograms of the xy-
plane projection of the displacement of Ti atoms with respect to
the barycenter of the surrounding TiO6 octahedron at (a) equilibrium
volume (lattice parameter: 4.00 Å) and (b) under a 2.8% compressive
hydrostatic strain (lattice parameter: 3.89 Å), integrated over 13 ps
of fixed-volume NVE CPMD simulations and on all Ti atoms of a
4 × 4 × 4 cubic supercell. The average temperature of the simula-
tion is 315 K. The inset: graphical three-dimensional representation
depicting the xy-plane projection of the Ti cation position in a repre-
sentative TiO6 octahedron.

This is clearly apparent in Fig. 1(a), where we present the
results of CPMD simulations at 315 K for a 4 × 4 × 4 cubic
supercell; the histogram for the Ti displacements projected
onto one of the equivalent [100] planes shows how the Ti
atoms always occupy off-center 〈111〉 positions, rather than
sitting at the center of their surrounding oxygen octahe-
dron [35] (for the Methodology see the Supplemental Material
(SM) Sec. 1 [36]; for the associated data, see Ref. [37] on
the Materials Cloud [38]). We observe these off-center dis-
placements up to temperatures around 450 K; furthermore,
they can be suppressed with compressive hydrostatic strain,
resulting in an isotropic distribution [Fig. 1(b)] in agreement
with experimental measurements [39,40]. This observation
will be relevant to the later discussion of volume effects and
the role of A-site cations.

Inspired by these results, we aim here to systematically
explore the microscopic structure of the paraelectric phase
of BaTiO3, to extend this exploration to other perovskites,
and to lay the groundwork for a systematic analysis of
phases that can possess “hidden order,” including other fer-
roelectric or magnetic systems [41–43] or those displaying
higher-order couplings [44]. With this goal in mind, we in-
troduce first the concept of microscopic templates, defined as
lower-symmetry supercells that preserve a desired point sym-
metry (e.g., cubic). We then define microscopic prototypes
as the smallest of these templates that are both energetically
and dynamically stable (i.e., lower in energy, per formula
unit, than the higher-symmetry primitive cell and with real
positive phonon dispersions), thus, identifying the highest-
symmetry stable structures possessing the requisite symmetry
while minimizing the computational cost. This approach is
distinct yet complementary to that of special quasirandom
structures (SQSs) when used to describe a polymorphous
network in which a single large SQS exhibiting many lo-
cal motifs is used. In this context, slightly different from

TABLE I. The microscopic templates derived from the cubic
subgroups (up to a 2 × 2 × 2 supercell) of parent-group Pm3̄m (221)
with, at least, one degree of freedom for the 1b Wyckoff position,
allowing for B-site off-centering. We list the subgroup (international
short symbol and number in parentheses), the subgroup index, and
the splittings of the three relevant Wyckoff positions (1a, 1b, and
3c). These cells are a 2 × 2 × 2 supercell of the primitive cell with
no translation.

Group Index 1a 1b 3c

Pm3̄m (221) 8 1a 1b 3c 3d 8g 12i 12 j
P4̄3n (218) 16 2a 6b 8e 24i
I 4̄3m (217) 8 2a 6b 8c 24g
P4̄3m (215) 16 1a 1b 3c 3d 4e 4e 12i 12i
Pa3̄ (205) 16 4a 4b 8c 24d
Pm3̄ (200) 16 1a 1b 3c 3d 8i 12 j 12k
I213 (199) 16 8a 8a 12b 12b
P213 (198) 32 4a 4a 4a 4a 12b 12b
I23 (197) 16 2a 6b 8c 24 f
P23 (195) 32 1a 1b 3c 3d 4e 4e 12 j 12 j

the original development of SQSs to characterize disordered
alloys with first-principles calculations [45,46], SQSs have
been recently used to study paramagnetic phases [47,48] and
complex perovskite-based systems [34,49–52]. In this paper
we develop instead a symmetry-based analysis and workflow,
enumerating all possible supercells (up to a given size) with a
desired point symmetry. In this way we identify not just local
motifs, but more complex orderings which respect the desired
global point symmetry. We describe it in the following and
apply to structural microscopic prototypes, but these concepts
can be equally applied to magnetic or electronic prototypes.

To identify structural prototypes we use group-subgroup
relations as discussed in Ref. [53] to systematically enumer-
ate all microscopic templates; here, we take the case of the
cubic ABO3 perovskite with space-group Pm3̄m (international
number 221) where the 1a, 1b, and 3c Wyckoff positions
are occupied by the A, B, and O atoms, respectively. For
each cubic subgroup of Pm3̄m, we define a cubic microscopic
template as a supercell that can host symmetry-allowed dis-
placements of A, B, and O atoms relative to their positions
in the high-symmetry parent structure (group Pm3̄m) with no
net polarization (see SM Sec. 1 [36] for further details). Using
2 × 2 × 2 supercells of 40 atoms, we find 27 distinct cubic
microscopic templates of group Pm3̄m, 10 of which host only
oxygen displacements, whereas the remaining 17 allow the A
and/or B cations to displace as well. Table I summarizes the
subgroups in which the B cations can displace; see SM Secs. 2
and 3 [36] for the complete list as well as a list duplicates that
correspond to microscopic templates with higher symmetry.
The same analysis can be applied to supercells of any desired
size, but we find that in BaTiO3 these 2 × 2 × 2 supercells are
already sufficient to identify structural prototypes.

We then determine which of these microscopic tem-
plates, if any, are energetically stable. Using variable-
cell first-principles relaxations performed with QUANTUM

ESPRESSO [55,56] using the revised Perdew-Burke-Enzerhof
functional for solids (PBEsol) [57] and managed with
AiiDA [58–60], we take these 2 × 2 × 2 templates as starting
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FIG. 2. Crystal structures (top) and phonon dispersions (bottom) for various BaTiO3 cells with Ba, Ti, and O atoms shown in green,
blue, and yellow, respectively. (a) Five-atom primitive cubic cell (standard crystallographic labels from Ref. [54]), displaying unstable phonon
modes. The high-symmetry �−

4 , X +
5 , and M−

2 instabilities are marked in red with a cross, a filled circle, and an empty square, respectively.
(b) Forty-atom undistorted supercell; X ′, M ′ and R′ labels indicate the X , M, and R points of the 2 × 2 × 2 supercell, respectively [the same
labels are used also in panels (c) and (d)]. All three instabilities marked in panel a fold at � in this supercell. Forty-atom supercells of the (c)
4+4 and (d) 2+6 displacement patterns. In panels (c) and (d) (top), red arrows indicate the direction of atomic displacements (only shown for
B cations for clarity). We refer the reader to the SM Sec. 5 [36] for the displacement pattern associated with each unstable mode and the other
modes that contribute to the 4 + 4 and 2 + 6 displacement patterns, which can also be visualized with the interactive phonon visualizer tool
on the Materials Cloud [38].

structures and require that the point symmetry remains cubic
(see SM Sec. 1 [36] for further details). Remarkably, we find
that two of the microscopic templates relax to supercells with
nontrivial displacement patterns of the B cations; moreover,
they display stable phonon dispersions across the entire Bril-
louin zone [Figs. 2(c) and 2(d)]. The remaining 25 templates
either relax back to (the 2 × 2 × 2 supercell of) the five-
atom primitive cell, well-known to be dynamically unstable
[Figs. 2(a) and 2(b)] [61,62] or to one of these two non-trivial
displacement patterns. These energetically and dynamically
stable structures are the structural prototypes. As they are
locally stable structures of the 0 K potential-energy landscape
they serve as minimal models possessing the signature of
the paraelectric phase, namely a global cubic symmetry but
with local Ti displacements. These displacements, driven by
local chemistry, can then also acquire correlations (e.g. linear
chains [8]) that can be studied with large-scale molecular
dynamics simulations [27,30,63].

The two structural prototypes have symmetry I 4̄3m and
Pa3̄, respectively (see Table I); their structure and B-atom
(Ti) displacement patterns are shown in Figs. 2(c) and 2(d).
We name these two prototypes 4 + 4 and 2 + 6 (for I 4̄3m and
Pa3̄, respectively), since considering any Ba atom, in the 4 + 4
(2 + 6) structure there are 4 (2) surrounding Ti atoms that dis-
place toward it, while the remaining 4 (6) displace outwards.
We note that the 4 + 4 structure (I 4̄3m) has been previ-
ously discussed in the work of Zhang et al. [32]. The 4 + 4
and the 2 + 6 structural prototypes are lower in energy than
the undistorted cubic structure by 11 and 15 meV/formula
unit, respectively. Furthermore, there is an energy barrier of
only 3 meV/formula unit between these two structural pro-
totypes (as found by nudged-elastic-band calculations, see

SM Sec. 4 [36]), suggesting that thermal fluctuations of the
off-centerings do not require to go through the high-symmetry
structure.

We contrast the phonon dispersions of the high-symmetry
structure [Figs. 2(a) and 2(b)] with that of the two prototypes
[Figs. 2(c) and 2(d)]. The five-atom primitive cell displays
instabilities at the zone-center �, belonging to the irreducible
representation (irrep) �−

4 , and at the zone-boundary points
X and M (irreps X +

5 and M−
2 , respectively). To gain further

insight into the 4 + 4 and 2 + 6 patterns we analyze these
with respect to the irreps of the five-atom-cell phonons using
the ISODISTORT software [64,65]. We find that the displace-
ments of both prototypes contain a mode with the symmetry
of an unstable zone-boundary mode. Specifically, the 4 + 4
prototype can be constructed by adding the displacements
having the symmetry of the M−

2 and M+
1 irreps, whereas the

2 + 6 prototype originates from the X +
5 and M+

5 irreps (see
SM Fig. S2 [36] for the M+

1 and M+
5 modes). Most im-

portantly, out of the 27 distinct cubic templates, the 4 + 4
(I 4̄3m) and 2 + 6 (Pa3̄) are the only ones with a displace-
ment pattern that is constructed, in part, from a mode with
the symmetry of an unstable mode of the parent structure,
resulting in an appealing one-to-one correspondence between
unstable zone-boundary phonon modes and prototypes with
stable displacement patterns in 2 × 2 × 2 cubic supercells. We
note that the displacement patterns must occur in combination
with another mode in a cubic structure as they do not possess a
cubic point symmetry. Furthermore, the �−

4 mode is the polar
instability and can only occur in lower-symmetry polar phases
of BaTiO3, which are, therefore, noncubic.

We investigate in more detail the zone-boundary modes
and the stability of the structural prototypes as a function of
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FIG. 3. (a) Magnitude of the Ti-atom displacements for the
4 + 4 and 2 + 6 patterns in BaTiO3 as a function of the lattice
parameter. Displacements are along the 〈111〉 directions, and we
plot the displacement in angstrom along one Cartesian coordinate.
The DFT (PBEsol) equilibrium lattice parameter in its lowest-energy
cubic configuration is indicated by the blue arrow. (b) Plot of the
unstable phonon modes of BaTiO3 with irrep �−

4 , X +
5 , and M−

2

in the five-atom undistorted cubic cell as a function of the lattice
parameter. The gray arrows indicate the lattice parameters at which
the modes at X and M become unstable; they are in agreement with
the corresponding displacement onsets in panel (a).

volume, prompted by the disappearance of the Ti off-centering
under pressure in our CPMD simulations [Fig. 1(b)] and in
experiments [39,40]. We find that with increasing pressure the
magnitude of the Ti displacements decreases for both proto-
types and disappears when the lattice parameter is reduced
by ≈1.6% as reported in Fig. 3(a). We find that the Ti dis-
placements as a function of volume can be fit by a double-well
potential where the quadratic coefficient depends linearly on
volume and changes sign at the onset of the displacements
(see SM Sec. 6 [36]). This suggests that, at least, one phonon
mode associated with this structural prototype becomes un-
stable at the same volume where the Ti displacement becomes
energetically favorable. In Fig. 3(b) we plot as a function of
the lattice parameter the phonon frequencies for the q = �,

X , and M modes that are unstable in the five-atom primitive
cell (irreps �−

4 , X +
5 , and M−

2 , respectively). We find that
expanding the volume further softens these modes, whereas
applying pressure stabilizes them, in agreement with previous
calculations [66]. The fact that the �−

4 mode also stabilizes at
a lower lattice parameter is indicative of a pressure at which
the system could be ferroelectric below a critical tempera-
ture, but no Ti displacements would be observed in the cubic
paraelectric phase. Notably, the M−

2 and X +
5 modes become

unstable at the same lattice parameter where the 4 + 4 and
2 + 6 displacement patterns, respectively, emerge [gray ar-
rows in Fig. 3(b)].

Thus, the 4 + 4 and 2 + 6 prototypes originate from the
unstable M−

2 and X +
5 modes, which do not involve A-cation

displacements. To test the effect of the A cation we extend the
study to PbTiO3, SrTiO3, and CaTiO3. We report in Fig. 4
the results for the 4 + 4 prototype, highlighting a universal
trend where the B-site displacement as a function of lattice

FIG. 4. Magnitude of the Ti-atom displacements for the 4 + 4
pattern in (Ba, Pb, Sr, Ca)TiO3 (labeled as BTO, PTO, STO, and
CTO) as a function of the lattice parameter. Displacements are along
the 〈111〉 directions, and we plot the displacement in angstrom along
one Cartesian coordinate. The DFT (PBEsol) equilibrium lattice
parameter is indicated by the arrow of the corresponding color.
A clear universal trend across the titanates is demonstrated; the
4 + 4 pattern is stable only in unstrained BaTiO3 because of the
larger A cation and, thus, larger lattice parameter.

parameter is broadly independent of the chosen A cation.
The stability of the prototype, and, thus, the nature of the
paraelectric phase, is instead determined by the equilibrium
lattice parameter—indicated in Fig. 4 by arrows—which is
largely determined by the A cation. For Pb, Sr, and CaTiO3

the lattice parameter is smaller than the critical value at which
the displacement pattern becomes energetically favorable,
∼3.95 Å. For all titanates studied, the displacement pattern
onset occurs at the lattice parameter at which the M−

2 mode
becomes unstable. A similar picture emerges for the 2 + 6
pattern (except for CaTiO3, due to its significantly smaller
lattice parameter)—see SM Sec. 7 [36].

Testing a broader range of 49 perovskites from Ref. [67]
shows that B-site off-centerings along 〈111〉 directions pro-
vide prototypes at the relaxed equilibrium lattice parameter
not only for BaTiO3, but for most zirconates, niobates, tan-
talates, CaHfO3, and BiScO3 as reported in SM Sec. 8 [36].
However, the energetic stability of these prototypes as a func-
tion of lattice parameter is B-site specific. This is expanded
on in SM Sec. 9 [36] where we further investigate the stability
of the 4 + 4 and 2 + 6 displacement patterns as a function
of lattice parameter in the titanates, niobates, and zirconates,
demonstrating the universality of the occurrence of B-cation
displacements and their strong, family-specific volume depen-
dence.

The relationship we have observed between the unstable
zone-boundary phonons of the primitive cubic structure and
the displacement patterns as a function of lattice parameter
indicates that, at a given volume, one could use the unstable
phonon modes to predict which microscopic templates would
result in structural prototypes. To verify the robustness of
our conclusions against the choice of DFT functional, we
tested for BaTiO3 the dependence on the functional, finding
that the Ti displacement amplitudes are independent of the
functional choice (see SM Sec. 10 [36]), but that the functional
determines the equilibrium volume. This highlights the need
to choose a functional that accurately reproduces the exper-
imental lattice parameter in order to correctly predict which
prototypes occur at the equilibrium volume.
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To summarize, motivated by the observed persistence of
〈111〉 Ti off-centerings above the Curie temperature in our
CPMD simulations of BaTiO3, we systematically identify mi-
croscopic structural prototypes of the paraelectric phase, i.e.,
the smallest supercells with cubic point symmetry that are
simultaneously energetically and dynamically stable. These
cubic prototypes, hosting stable local dipoles due to the 〈111〉
Ti displacements in a cubic paraelectric phase, are found
through a symmetry analysis exploring all possible 40-atom
microscopic templates, followed by density-functional the-
ory and density-functional perturbation theory calculations
to assess energetic and dynamical stability. Moreover, we
highlight how off-centering amplitudes are strongly depen-
dent on volume and relate their patterns to the zone-boundary
unstable phonons of the five-atom undistorted primitive cu-
bic cell, suggesting a predictor for the identification of such
prototypes. These cubic prototypes would be challenging to
identify without the present symmetry-based approach due
to the combinatorial complexity of large supercells and the
attractive basin of the rhombohedral five-atom ground state
associated with the polar instability. We highlight that these
prototypes can serve as minimal models of the paraelectric
phase in first-principles calculations of response functions
with the correct tensorial symmetry as they provide a faithful
microscopic representation with key features: the persistence
of local Ti displacements and the appropriate macroscopic
point group.

We finally emphasize that this approach is general. Be-
yond its extension to study the prevalence of the B-site 〈111〉
off-centerings in ABO3 perovskites, it can be used in any
crystalline system to find candidate templates and efficiently
search for prototypes that are local minima in the potential-
energy surface, providing an in-depth study of, for example,
the electronic or magnetic properties of a polymorphic system.
This approach lays the foundation to investigate dynamics,
thermodynamics, and chemical substitutions as these proto-
types could be used to capture subtle details of the energy
landscape and to provide models to study the properties or
transitions of disordered phases, such as alloys, paramagnetic
phases, or defects in paraelectric phases.
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