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University of Vienna, Faculty of Physics, Center for Computational Materials Science, Vienna, Austria and

Dipartimento di Fisica e Astronomia, Università di Bologna, 40127 Bologna, Italy
(Dated: September 16, 2025)

In this study, we investigate the formation of electron and hole small polarons in the prototypical
ferroelectric material BaTiO3, with a focus on their interaction with ferroelectric distortive fields.
To accurately describe the ferroelectric phase in electronically correlated BaTiO3, we employ the
HSE06 hybrid density functional, which addresses the limitations of conventional density functional
theory (DFT) and Hubbard-corrected DFT+U models, providing a more precise depiction of both
ferroelectric and polaronic behaviors. Our analysis spans three structural phases of BaTiO3: cubic,
tetragonal, and rhombohedral. We uncover a unique phase-dependent trend in electron polaron sta-
bility, which progressively increases across the structural phases, peaking in the rhombohedral phase
due to the constructive coupling between the polaron and ferroelectric phonon fields. In contrast,
hole polarons exhibit a stability pattern largely unaffected by the phase transitions. Furthermore,
we observe that polaron self-trapping significantly alters the local ferroelectric distortive pattern,
which propagates to neighboring sites but has a minimal effect on the long-range macroscopic spon-
taneous polarization. Charge trapping is also associated with localized spin formation, opening new
possibilities for enhanced functionalities in multiferroic materials.

I. INTRODUCTION

Marked by a spontaneous electric polarization (Ps)
that can be reversed by an external electric field, ferro-
electric (FE) materials are vital in a wide range of tech-
nological applications [2–5]. Capitalizing on this unique
switchable polarization property, their applications range
from capacitors and transducers to nonvolatile mem-
ory devices [6–8]. Barium titanate (BaTiO3) has been
extensively studied, notably for its rich temperature-
dependent phase transitions from the high-temperature
cubic phase to the tetragonal, orthorhombic, and rhom-
bohedral phases at lower temperatures [9, 10]. This poly-
morphism opens avenues for investigating the correlation
between the electronic structure and lattice distortions,
as well as their evolution across different crystal symme-
tries.

The FE behavior and dielectric properties are altered
due to the localized electronic states introduced by the
presence of defects, such as oxygen vacancies or cation
substitutions. In BaTiO3 and related perovskites such
as Pb(ZrxTi1−x)O3, oxygen vacancies act as electron
donors, potentially creating defect dipoles that pin do-
main walls, thereby affecting polarization switching [11–
14]. Similarly, for BaTiO3 and SrTiO3, titanium vacan-
cies or antisite defects were shown to reduce or modify the
ferroelectricity [15–19]. Such defect-induced localization
plays a pivotal role in tuning the electronic and ferroic
properties of materials, thereby affecting both the static
polarization and dynamic processes, such as charge trans-
port.

Similarly, polaron formation results in a localized state
within the band structure. Unlike defects, which are asso-

ciated with ionic or atomic anomalies, polarons are quasi-
particles that form as a result of the interaction between
charge carriers and lattice vibrations (phonons) [20–23].
Polarons are usually classified into large and small po-
larons based on the extent of electron-phonon coupling,
with small polarons showing strong coupling and local-
ized behavior [20–25]. Polaron signatures have been de-
tected in several materials, such as transition metal ox-
ides, organic semiconductors, polymers, manganites, hy-
brid perovskites, cuprites, magnetic semiconductors, and
2D materials [26–41]. Charge transport, colossal magne-
toresistance, photoemission, surface reactivity, thermo-
electricity, and (multi)ferroism are a few physical phe-
nomena in which polaron-mediated effects play a crucial
role [31, 37, 42–49]..

Theoretical and experimental studies have provided
ample evidence for the presence of polarons in BaTiO3.
Experimental indications linked to the optical and trans-
port properties of materials have long suggested the pres-
ence and impact of small polarons in BaTiO3. For in-
stance, in BaTiO3 single crystals, the characteristic green
luminescence has been linked to the presence of small
polarons, and the transport behavior has been explained
through hopping mechanisms involving these quasipar-
ticles [50–55]. Computational investigations using hy-
brid functionals have shown that hole polarons can self-
trap on oxygen atoms in BaTiO3 in both the tetragonal
and cubic phases, consistent with the experimentally ob-
served low-temperature photoluminescence [56]. DFT+U
studies also confirmed the stability of hole polarons in
BaTiO3’s cubic phase [57]. Understanding the interplay
between the FE order and small polarons provides a
unique opportunity to explore novel functionalities of this
material. Gaining insights into whether and how FE dis-

ar
X

iv
:2

50
3.

12
69

3v
4 

 [
co

nd
-m

at
.m

tr
l-

sc
i]

  1
5 

Se
p 

20
25

https://arxiv.org/abs/2503.12693v4


2

1.99

1.99

1.99

1.99
1.99

1.99

1.83

2.29

1.99

1.99

1.99

1.99

(a) (b)

[010]

[001]

[100]

x

2.16

2.16 2.16

1.87

1.87

1.87

(c)

Temperature

Cubic
Non-Polar

Tetragonal
[001] polarized

Rhombohedral
[111] polarized

Orthorhombic
[110] polarized

393K 278K 183K

Figure 1. (a) Cubic BaTiO3 with zero Ti off-centering (>393K) (b) Tetragonal BaTiO3 with Ti off-centering in [001] direction
(393K - 278K) and (c) Rhombohedral BaTiO3 with Ti off-centering in the [111] direction(<183K). The orthorhombic phase is
in the temperature range of 183-278K but its structure is not shown here because it was not considered in the present study.
Detailed investigations of polaronic effects in the orthorhombic phase have been reported[1]. The insets represent the Ti-O
bond-lengths in each phase.

tortions (δFE) in BaTiO3, affect polaron formation is es-
sential for understanding the stability and behavior of
polarons. In BaTiO3, these distortions correspond to an
off-centering of the Ti atom from the center of the TiO6

octahedron, along with a small movement of the O atom,
leading to a Ps. FE polarons result from such a con-
structive interplay and are described as polarons stabi-
lized by δFE . Such polarons have been shown to enhance
the charge transport efficiency and optical performance
of related materials, such as halide perovskites [47, 48].
Moreover, ongoing studies are examining multiferroism
induced by small polarons in BaTiO3 and similar per-
ovskites, highlighting the broader significance of polaron-
ferroelectric coupling in these oxides [1, 58, 59].

Despite the available results and knowledge, the in-
terplay between ferroelectricity and small polarons in
BaTiO3 remains a topic that requires a deeper analysis.
There is a limited number of literature and a detailed
investigation needs to be done to get a clearer picture of
the mutual influence of these phenomena. In particular,
the impact of ferroelectricity on hole polarons in differ-
ent phases of BaTiO3 remains an unexplored domain.
The inaccuracy of DFT+U in capturing the δFE compli-
cates the theoretical investigation, since this method is
used mostly to study polarons in materials [60, 61].

The main aim of this study is to fill this gap by inves-
tigating the formation of electron and hole polarons in

three different phases of BaTiO3 using hybrid function-
als. The main focus of the current study is the analysis of
the variation in polaron stability across different struc-
tures and the reciprocal impact of polarons on δFE . By
elucidating this complex interplay between ferroelectric-
ity and small polarons across different phases and charge
carrier types, our research advances the understanding
of the complex interrelations between the FE order and
charge localization in BaTiO3.

II. MATERIAL BACKGROUND AND
COMPUTATIONAL APPROACH

As mentioned earlier, BaTiO3 is a classic ferroelectric
material that exhibits multiple structural phases with
distinct polarization behaviors, as illustrated in Figure 1.
The cubic phase of BaTiO3 has perfectly centered Ti and
O atoms, possessing zero off-centering from the TiO6 oc-
tahedron, while the ferroelectric tetragonal and rhombo-
hedral phases are characterized by Ti off-centering along
the [001] and [111] directions, respectively, leading to δFE

in the systems. For the tetragonal phase, we calculated
δFE to be ∼ 0.16 Å along the [001] direction, while for the
rhombohedral phase, δFE was computed to be ∼ 0.10 Å
along the [111] direction.

The bond lengths vary significantly among the phases
according to these distortions. In the cubic phase, all
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the bonds are equal in length. As shown in Figure 1(b),
the in-plane bonds of tetragonal BaTiO3 are equal in
length, whereas the out-of-plane bonds are of two dif-
ferent lengths, one short and the other long. The rhom-
bohedral phase of BaTiO3 also has two distinct bond
types according to their length, three of which are longer
and the other three are shorter, as shown in Figure 1(c).
The variation in bond lengths corresponds to the changes
in the orbital hybridization between the Ti-3d and O-2p
states, which plays a key role in stabilizing the ferroelec-
tric phase in BaTiO3 through enhanced covalent interac-
tions. The modulation of this hybridization is fundamen-
tal to understanding the behavior of polarons and the FE
stability of the material.

While the orthorhombic phase of BaTiO3 also ex-
hibits ferroelectricity, the present study excludes this be-
cause its polaron behavior has been extensively studied
previously[1]. Moreover, our focus on the tetragonal and
rhombohedral phases is also due to their representation
of uniaxial and triaxial polarization symmetries, respec-
tively, which are more relevant to our study, which fo-
cuses on polarization-directional effects.

From a computational perspective, Density Functional
Theory (DFT) is a powerful tool for electronic structure
calculations [62, 63]; however, the limitations of DFT are
not unfamiliar, especially when it comes to the study
of polarons [64, 65]. For modelling systems where elec-
tron localization is pivotal, DFT often leads to inaccu-
racies due to inherent self-interaction errors. The widely
adopted approach to address this issue is the integration
of the Hubbard U term into DFT calculations, which cor-
rects these errors by accounting for the onsite coloumbic
interaction [66, 67]. However, DFT+U poses challenges
to the current study. The stabilization of δFE within FE
systems is vital to this study. However, a linear reduction
in δFE was observed for the FE phases of BaTiO3 as the
U value increased from 0 to 5 eV and beyond, resulting in
a paraelectric cubic structure [60, 61]. This observation
was evident for both the tetragonal and rhombohedral
phases during geometrical optimization. The stronger lo-
calization of electrons in the d-orbitals of the Ti atoms
arises with the increase in the U value, consequentially
diminishing the covalency due to a suppressed hybridiza-
tion between the O-2p and Ti-3d orbitals. Figure 2 illus-
trates the phonon dispersion curve of cubic BaTiO3 and
clearly demonstrates that the PBE+U method does not
show any imaginary phonon modes. The absence of these
modes indicates that cubic BaTiO3 does not exhibit soft
phonon modes associated with FE instability. The inabil-
ity of DFT+U to stabilize δFE has already been reported
and studied[60, 61]. An alternative approach to overcome
this limitation is to utilize hybrid functionals, thereby
providing a balanced treatment to study polaronic phe-
nomena while preserving the ferroelectricity in BaTiO3’s
FE phases [68].

Building on this understanding of the structural char-
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Figure 2. Phonon dispersion curve of cubic BaTiO3 plotted
with HSE06, PBE and PBE+U. With PBE+U, for a U value
of 6 eV, a clear vanishing of imaginary modes are observed.
This depicts the effect of Hubbard U parameter in suppressing
the δFE in the system.

acteristics of BaTiO3 and the validated computational
approach, we detail the specific methodologies employed
in our study to investigate polaron behavior within these
ferroelectric phases.

III. METHODS

We adopted the Heyd-Scuseria-Ernzerhof (HSE06) for-
malism [69]. The fraction of exact Hartree-Fock exchange
was set to the standard value of α = 0.25. The first-
principle calculations were carried out using the Vi-
enna Ab initio Simulation Package (VASP) in combi-
nation with the Projector Augmented Wave (PAW) ap-
proach [70–73].The pseudopotentials used in our calcula-
tions are Basv (5s25p66s2), Ti (3d34s1), and Os(2s

22p4).
A plane wave energy cut-off of 320 eV was utilized in all
calculations, with 10−5 eV set as the convergence thresh-
old of the electronic self-consistency. The polaronic sys-
tems were modelled with a 3x3x3 supercell, containing
135 atoms. The structural relaxation of the ionic po-
sitions was continued until the Hellman-Feyman forces
were lower than 0.01 eV/ Å, and a 2x2x2 Monkhorst-
Pack k-point mesh was utilized for the brillouin zone in-
tegration. Employing HSE06 for lattice relaxations sta-
bilized the δFE within the ferroelectric systems and con-
currently provided lattice parameters and band gaps that
more closely agreed to the experimental values[9, 74, 75].

For the formation of electron polarons, an extra elec-
tron was introduced into the system and conversely for
formation of hole polarons, an electron was removed. Si-
multaneously, a compensating background charge of op-
posite sign is included to keep the system neutral. This
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method can mimic the experimental conditions in which
polarons are formed through photoexcitation rather than
explicit defects, providing a computationally efficient and
physically relevant approach for studying polaron forma-
tion and behavior[76–79]. Initially, the result was a de-
localised solution but by manually breaking the symme-
try, it was possible to localize the electron and hole on
the preferred site. For electron polarons, six Ti-O bonds
around the desired Ti atom were extended, while for hole
polarons, two Ti-O bonds next to the chosen O atom were
extended. The polaronic formation energy was calculated
using the following formula:

EPOL = Eloc
dist − Edeloc

unif (1)

where (Eloc
dist) is the total energy of the supercell with a

polaron, (Edeloc
unif ) is the total energy of the pristine super-

cell with the extra charge delocalized in the entire crys-
tal (no polaron). This formula allows us to calculate the
energy gain of forming a polaron in the material as com-
pared to a delocalized uniform solution [23]. To further
understand the energetics of polaron formation, we cal-
culated the structural energy cost (EST ) and electronic
gain energy (EEL). This helps decouple the contributions
to the energy from lattice distortions and charge localiza-
tion. They are calculated using the following formulas:

EST = Edeloc
dist − Edeloc

unif (2)

EEL = Eloc
dist − Edeloc

dist (3)

where (Edeloc
dist ) is the system’s total energy with delo-

calized charge contained in the lattice structure of the
polaronic state[26].

Berry-phase approach within the modern theory of po-
larization was employed to calculate the ferroelectric po-
larization of both the pristine and polaronic ferroelectric
systems [5, 80]. Within the Berry-phase approach, the the
Ps is computed by considering the polarization difference
between the ferroelectric phase and a centrosymmetric
reference phase, which is the cubic BaTiO3 in the present
study. In the context of polaron systems, the considered
reference system was a cubic BaTiO3 with a localized
charge carrier.

IV. RESULTS

With our results, we attempt to unravel how electron
and hole polarons couple to ferroelectricity in BaTiO3,
first by examining the role of δFE in the stability of the
polarons (Section A), and then by analyzing the impact
of these localized entities on the local ferroelectric order
in the ferroelectric phases of the material (electron po-
larons: Section B; hole polarons: Section C).

A. Polarons : Electrons and Hole Polarons in
BaTiO3

To acheive our goals, we inspect the formation of small
electron and hole polaron in three polymorphs of BaTiO3

- cubic, tetragonal, and rhombohedral. Analysis of the
charge density plots confirmed the formation of small po-
larons and the spatial distribution of charge. As shown in
Figure 3, a Ti-3d orbital character was observed across
all three polymorphs for electron polarons, while an O-
2p orbital character was exhibited for hole polarons in all
three polymorphs. For the electron polarons in the cubic
phase, we observed an admixture of dxy and dyz orbital
character, while the preferential occupation of the extra
electron in the tetragonal phase was the dxy orbital. For
the rhombohedral phase, electron polaron occupies the
dxz orbital. For hole polarons, we observed an admixture
of py and pz orbital character for cubic phase, a py orbital
character for tetragonal phase, while a px orbital charac-
ter was observed for the rhombohedral phase of BaTiO3.
The density of states (DOS) plots for electron and hole
polarons in different phases of BaTiO3 are provided in
the Figure S1 of supplementary materials (SM)[81].

Further insights on polaron stability can be obtained
from the dependence of EPOL on the crystal symmetry.
The stability of electron polarons in BaTiO3 exhibits a
clear trend with crystal symmetry, increasing from cu-
bic to tetragonal to rhombohedral phases as shown in
Figure 4. This can be attributed to two reasons: first,
the level of antibonding hybridization between the Ti-
3d and O-2p orbitals at the conduction band minimum
and second, the degree of Ti off-centering. The rhombo-
hedral BaTiO3 exhibits an EPOL of -0.26 eV, which is
the lowest of all the three phases considered. The cubic
and tetragonal phases show an EPOL of -0.07 eV and -
0.11 eV respectively, clearly showing how rhombohedral
phase outperforms the other two phases. As mentioned
previously, this is attributed to the strong anti-bonding
hybridization in this phase, thus allowing maximum en-
ergy release upon electron localization on the Ti-3d or-
bital. A large electronic gain energy (EEL) of -0.49 eV
compared to the tetragonal phase’s -0.34 eV validates
this. The decrease in δFE of the polaronic octahedron is
more significant for the rhombohedral phase than for the
tetragonal phase (discussed in detail in the next section),
which further validates our observation because the δFE

in BaTiO3 is strongly associated with the hybridization
between Ti-3d and O-2p. Furthermore, the FE tetragonal
and rhombohedral phases, because they already possess
off-centering, require less energy to distort compared to
the cubic phase. This is clear from the structural energy
cost (EST ), which is calculated to be 0.27 eV from cubic,
while for the tetragonal and rhombohedral phase, this is
calculated to be 0.23 eV. These results align with previ-
ous findings by Tsunoda et al., highlighting the impor-
tance of anti-bonding hybridisation and local displace-
ment of Ti ions along the [111] direction in both rhombo-
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Figure 3. The charge density plots presented in the top panel illustrate electron polaron isosurfaces in (a) Cubic BaTiO3, (b)
Tetragonal BaTiO3, and (c) Rhombohedral BaTiO3. Meanwhile, the bottom panel depicts hole polaron isosurfaces in (d) Cubic
BaTiO3, (e) Tetragonal BaTiO3, and (f) Rhombohedral BaTiO3.
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Figure 4. The comparison of polaron formation energy for
different phases of BaTiO3 for both the electron and hole po-
laron. The figure depicts the enhanced stability of electron
polaron for rhombohedral phase, while the same is not ob-
served in the case of hole polaron, indicating the effect of
[111] off-centering of Ti atom in stabilizing the polaron. The
polarization direction is indicated within square brackets and
is not shown in the case of the cubic phase because it is non-
polar.

hedral BaTiO3 and structurally disordered cubic phases
for stabilizing self-trapped polarons. [58]

Interestingly, this trend is not exactly mimicked by
hole polarons, as they are already evidently stable in all
three polymorphs. Polaron formation energies of -0.20
eV, -0.22 eV, and -0.25 eV are recorded for cubic, tetrag-
onal and rhombohedral BaTiO3, respectively. Although
the trend of an increase in stability as one transitions
from cubic to rhombohedral is also observed for the hole
polaron system, the differences are modest, as shown in
Figure 4. Unlike electron polarons, holes are localized on
O-2p bonding orbitals, and stabilization involves weak-
ening the bonding O-2p and Ti-3d hybrids. Because the
bonding states are already lower in energy and more sta-
ble, the hole-polaron formation results in a lower energy
gain and smaller variations in the hole-polaron stability.
Symmetry also plays a smaller role in the case of hole po-
larons because the distortion of the O atom, on which the
hole polaron forms, from its centrosymmetric position in
the ferroelectric phases is computed to be approximately
90% less than that of Ti distortion. The combined ef-
fect could possibly explain why a small phase-dependent
variation in EPOL was observed in the case of hole po-
larons. The slight increase in EPOL can be attributed
to the pre-distorted TiO6 octahedron in the ferroelectric
phases, which could slightly ease the relaxation of the
O-site.

Furthermore, we observed phase- and polaron-
dependent modifications to the Ti-O bond lengths in-
duced by polaron formation, providing a structural foun-
dation for the detailed δFE analysis in Sections B-C.
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Figure 5. The figure represents a schematic depiction of the evolution of δFE from a pristine to polaronic state as an electron
localizes on a Ti atom in the (a) tetragonal and (b) rhombohedral phases of BaTiO3. The blue arrows in the figures on the right
indicate the ferroelectric distortions, which vary in both magnitude and direction compared to the δFE in the pristine state,
represented by black arrows. These transformations in the δFE are attributed to the polaronic distortions, as represented in
square brackets. Here, the atom represented in yellow colour is the polaronic site and the green arrows represent the polaronic
distortion. Table S1 and S2 of the supplementary material provides the changes to δFE in more detail. [81]

The formation of electron polarons generally elongates
the bonds within the polaronic octahedron, consequently
leading to compensatory contractions in the nearest-
neighbor bonds, with distinct patterns observed for each
phase. Similarly, the Ti-O bond lengths were affected by
hole polaron formation, with different elongation pat-
terns observed for different phases. The bond-length
modifications for electron and hole polarons in the tetrag-
onal and rhombohedral phases are detailed separately in
Tables S1 to S4 of the SM[81]. These modifications to the
bonds form the basis for the site-specific δFE changes dis-
cussed in the following sections.

B. Effect of electron polarons on the ferroelectric
properties

Having established the influence of ferroelectricity on
polaron formation, we now examine how electron and
hole polarons affect the ferroelectric properties of tetrag-
onal and rhombohedral BaTiO3. All results below are
based on calculations performed with a 3x3x3 supercell.

In tetragonal BaTiO3, the extra electron is localized
in the dxy orbital of the Ti site, increasing the in-plane
electron density and thereby elongating the in-plane Ti-
O bonds owing to the enhanced electron-electron repul-

sion with the in-plane O atoms. Concurrently, the re-
distribution of the electron density leads to reduced hy-
bridization between the polaronic Ti atom and out-of-
plane O atoms, which weakens the out-of-plane Ti-O
bonds. This results in cooperative atomic shifts: the po-
laronic Ti atom displaces ∼0.014 Å towards the octahe-
dral center, in-plane O atoms shift outward (∼0.07 Å),
and out-of-plane O atoms move ∼0.02 Å along the [001]
direction (Figure 5(a)). Consequently, these distortions
result in a 15% decrease in δFE in the polaronic octahe-
dron and push the unit cell into a cubic-like symmetry.
Polaron-induced distortions propagate anisotropically to
the nearest neighboring sites, with the distortion pattern
influenced by the intrinsic [001] polarization of the sys-
tem: The 1NN above the polaronic octahedron shows a
substantial decrease in δFE , while those below experi-
ence only minor suppression because the tetragonal axis
hinders the distortion opposite to the polarization. This
distinction aligns with the atomic relaxations depicted in
Figure 5(a), where the Ti atom above the polaron shifts
downward noticeably more than the Ti atom below. The
1NN octahedra in the same x-y plane showed a modest
increase in δFE . Table S1 of the SM details the quanti-
tative data of the polaron-induced δFE changes[81].

Upon the formation of electron polaron in the rhom-
bohedral phase of BaTiO3, pronounced anisotropic dis-
tortions are observed owing to a stronger polaron-
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Table I. Macroscopic polarization values, relative energies, and magnetic moments for pristine, electron polaron and hole polaron
states for different structural phases (Cubic, Tetragonal, and Rhombohedral) of BaTiO3. The relative energies correspond to
the energy differences between the cubic and ferroelectric phases for the pristine systems and between the cubic polaron and
ferroelectric polaron systems for the polaron cases. The experimental values of Ps noted for the tetragonal and rhombohedral
phases of pristine BaTiO3 are 0.26 C/m2 and 0.34 C/m2 respectively [82, 83]

Phase System Spontaneous Polarization (C/m2) Relative Energy (eV/f.u.) Magnetic Moment (µB)

Cubic
Pristine 0.00 — 0.00
Electron Polaron 0.00 — 0.94
Hole Polaron 0.00 — 0.92

Tetragonal
Pristine 0.39 0.030 0.00
Electron Polaron 0.38 0.032 0.95
Hole Polaron 0.395 0.035 0.926

Rhombohedral
Pristine 0.45 0.044 0.00
Electron Polaron 0.4 0.048 0.95
Hole Polaron 0.46 0.038 0.912

ferroelectric coupling. The Ti site which holds a C3v site
symmetry in the rhombohedral phase, creates antibond-
ing states with the neighboring O-2p orbitals at the con-
duction band minimum. As discussed in Tsunoda et al.’s
study, electron localization on a Ti-3d orbital modifies the
TiO6 octahedra such that it reduces the antibonding hy-
bridization with neighboring O-2p orbitals[58]. This ob-
servation is similar to our calculations (in our case, pola-
ronic Ti atom shifting towards the center of octahedron
by ∼0.06 Å), and given that such reduced hybridization
indicates reduced ferroelectricity for BaTiO3, this can ex-
plain the significant reduction of [111] δFE by 68% ob-
served in the polaronic octahedron. The preexisting [111]
polarization imposes a strong directional anisotropy on
the atomic shifts, as illustrated in Figure 5(b). The O
atoms (of the polaronic octahedron) in the direction of
polarization ([100], [010], and [001] directions) shifted
significantly by ∼0.09 Å, while the O atoms opposite
to the direction of polarization ([1̄00], [01̄0], [001̄]) dis-
played a comparitively minimal distortion of ∼0.01 Å.
The polarization-biased electron-lattice coupling is re-
flected by this asymmetry, where the aligned O atoms
experience stronger repulsive forces from the localized
electron. Furthermore, the displaced O atoms within the
polaronic octahedron exhibited an interesting direction-
specific pattern, shifting predominantly along their direc-
tional axis. This directional anisotropy is also inherited
by the neighboring octahedra, where significant changes
in δFE occur at the nearest-neighbor sites aligned with
the polarization direction, compared to smaller changes
at sites opposite to it. Quantitative data supporting these
trends are provided in Table S2 of the SM[81].

This directional bias was systematically reversed when
the δFE was inverted in the initial symmetry of both
phases, whereas such directional anisotropy was absent
in the cubic phase, confirming the role of the inherent po-
larization field in mediating polaronic distortions. Owing
to the limited spatial range of the polaron-induced δFE

pattern, the overall Ps remained near-pristine, whereas

the ferroelectric-paraelectric energy differences exhibited
minor shifts, as listed in Table 1. The self-trapping of
electron polarons is also accompanied by the introduc-
tion of magnetism (0.94–0.95 µB) into an otherwise non-
magnetic system. The reduction of normal Ti4+ to Ti3+

at the polaronic site introduces an unpaired Ti-3d spin-
polarized electron, resulting in magnetism that is highly
concentrated at the polaronic site. Such polaron-induced
magnetism in inherently ferroelectric systems opens up
the possibility of multiferroism, which can be investigated
in future studies.

C. Effect of hole polarons on the ferroelectric
properties

For both tetragonal and rhombohedral BaTiO3, hole
polaron formation leads to nuanced, but distinct, local
ferroelectricity modifications. Upon local analysis of the
hole polaron in the tetragonal phase, the distortions seem
to reveal a planar dependence: in the x-y plane contain-
ing the polaronic O atom, the 1NN Ti atoms distort in
opposite y-directions (by ∼0.08 Å), which induces new
[010] local dipoles in these octahedra (Figure 6(a)). Be-
cause the induced dipoles are equal and opposite, they
cancel each other out and do not contribute to net polar-
ization. The surrounding O atoms in the x-y plane shift
slightly (by ∼0.02 Å) towards the polaronic site owing
to the reduced electron-electron repulsion with the pola-
ronic O atom. These shifts, confined to the plane, also
introduce additional minor [110] distortions in their re-
spective octahedra; however, they cancel out owing to
symmetry. The changes in δFE for the neighboring sites
are listed in detail in Table S3 of the SM[81]. For the
neighboring Ti atoms above the polaronic plane, we ob-
served a modest increase in off-centering in the [001] di-
rection (by ∼0.01 Å), resulting in a 6% increase in the
local δFE . However, for the Ti atoms in the plane below,
the distortions were insignificant (Figure 6(a)), and the
resulting changes in δFE were minimal (3% decrease).
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Figure 6. The figure represents a schematic depiction of the evolution of δFE from a pristine to polaronic state as a hole
localizes on an O atom in the (a) tetragonal and (b) rhombohedral phases of BaTiO3. The blue arrows in the figures on the
right indicate the δFE , which vary in both magnitude and direction compared to the δFE in the pristine state, represented by
black arrows. These transformations in the δFE are attributed to the polaronic distortions, as represented in square brackets.
Here, the yellow coloured atom represents the polaronic site and the green arrows depict the polaronic distortion. Table S3 and
S4 of the supplementary material provides the changes to δFE in more detail. [81]

Again, such a discrepancy could be due to the influence
of the pre-existing tetragonal polarization.

Our calculations revealed more complex and
anisotropic alterations to δFE upon the formation
of hole polarons in the rhombohedral phase of BaTiO3,
as depicted in Figure 6(b). The 1NN Ti atoms undergo
asymmetric distortions; one exhibits a minimal shift,
while the other undergoes a substantial shift of ∼0.17 Å
along the [01̄0], resulting in the reversal of the local [010]
polarization at that site. Furthermore, the polaronic O
atom experienced displacements of ∼0.015 and ∼0.03 Å
along the [010] and [1̄00] directions, respectively. These
polaronic distortions resulted in significant changes
in the Ti-O bonds and local δFE (detailed in Table
S4 of SM) around the polaron, including a reduced
60% negative δFE (for [010] polarization) for the 1NN
octahedron along the [01̄0] direction of the polaron. The
other most affected octahedron is the 2NN along the
same direction, where we observed a ∼75% reduction
(for the [010] δFE ), primarily due to the significant dis-
tortion (by ∼0.09 Å) of the 2NN Ti atom along the [01̄0]
direction. As observed in the case of electron polarons,
the hole polaron distortions also revealed a directional
dependence governed by the intrinsic polarization
direction, particularly for the 2NN TiO6 octahedra in
the [010] and [001] directions. The changes in these sites

are clearly larger than the minimal modifications at the
sites opposite to the polarization. These changes in δFE

are detailed in Table S4 of the SM and are depicted
schematically in Figure 6(b)[81].

Consistent with the previously described case for elec-
tron polarons, the reversal of the initial δFE naturally
leads to a reversed polaronic distortion pattern, further
establishing the influence of the polarization on the be-
havior of the polaron. The cubic phase, also for hole po-
larons, shows isotropic distortions because it lacks inher-
ent polarization. Across the phases, the overall Ps and en-
ergy differences between the ferroelectric and paraelectric
polaronic states remained close to the pristine values, as
listed in Table 1. The hole polarons introduce local mag-
netic moments, as listed in Table 1, across all phases.

V. CONCLUSION AND SUMMARY

This study investigated the interplay between ferro-
electricity and polaron formation in the cubic, tetrago-
nal, and rhombohedral phases of BaTiO3. The research
involved understanding the effect of ferroelectricity on
electron and hole polaron behavior in all three phases
and how polarons, in turn, affect the ferroelectric prop-
erties of the systems. The findings reveal the stability of
the polaronic solution for both hole and electron polarons
across all thrpolaree polymorphs of BaTiO3, with the
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stability of electron polarons exhibiting a strong phase
dependence. The polaron formation energy peaks in the
rhombohedral phase due to the significant [111] Ti off-
centering and the ability to reduce anti-bonding hybridi-
sation. However, this effect is less pronounced for hole
polarons trapped at oxygen sites, as they already ex-
hibit greater stability in all phases. The study also in-
vestigated the impact of polarons on ferroelectricity, an-
alyzing electron and hole polarons separately. It was ob-
served that the effect on ferroelectricity is substantial at
polaron localization sites and their immediate neighbor-
hoods, whereas for sites farther from the polaron, the ef-
fect is zero or negligible. This highlights the localized na-
ture of polarons, which significantly affect local ferroelec-
tricity without greatly impacting macroscopic polariza-
tion. This holds true for both electron and hole polarons,
although the effect on ferroelectricity in each case dif-
fers. An interesting aspect of the current work is the ob-
served polaron-ferroelectric coupling that influences how
the δFE at different sites were modified. A detailed ex-
amination revealed that the polarization field plays a sig-
nificant role in polaron-induced distortions, determining
the extent of modification in ferroelectric distortions due
to their strong coupling. In the electron polaron tetrag-
onal system, planar anisotropic distortions are evident,
with more pronounced effects on atoms aligned with the

polarization direction compared to those in the opposite
direction. Similarly, in the electron polaron rhombohe-
dral system, polaronic shifts display stronger anisotropy,
with atoms aligned with each polarization component ex-
periencing greater shifts than those in the opposite di-
rection. Hole polarons exhibit a more complex coupling
but still show anisotropy in polaronic distortions influ-
enced by the polarization field. As polaron formation is
associated with a magnetic moment, ferroelectricity and
magnetism coexist in these systems. By employing the
HSE06 functional to address the limitations of DFT+U,
we aimed to propose a framework that, with further re-
finement, could potentially lead to multiferroicity in the
ferroelectric phases of BaTiO3.
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