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Electron polaron at neutral 180° domain wall in PbTiO;:
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We use density functional theory with a Hubbard correction to investigate Ti-centered electron polarons at
neutral PbO-centered 180° domain walls in tetragonal PbTiO;. The Hubbard parameter for Ti 3d states is
determined using the finite-size-corrected polaronic energy-level alignment procedure, yielding stable electron-
polaron formation in bulk PbTiO; with a trapping energy of —0.06 eV. In the domain-wall supercell, the excess
electron localizes on a Ti site and forms a Ti*" center with an occupied in-gap d,, state. Comparison of bulk-like
and near-wall Ti sites shows that their trapping energies differ by only about 0.01 eV, indicating that this
neutral domain wall does not provide a significant thermodynamic driving force for electron-polaron segregation.
While the Ising-like reversal of the out-of-plane polarization is preserved, the localized electron induces a finite
transverse polarization component normal to the wall, enhancing a local Néel-like distortion that is strongest
when the polaron is located at the wall. These results show that neutral 180° domain walls in PbTiO3 do not
substantially alter the stability of Ti-centered electron polarons, but they can couple to the polaron-induced
lattice distortion through a localized transverse polarization response.
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I. INTRODUCTION

Ferroelectric  perovskite oxides such as BaTiOs,
PbZr, Ti;_,O3, and PbTiO3 are widely studied for nonvolatile
memories, sensors, actuators, and capacitor technologies
because their spontaneous polarization can be switched
by external fields [1-3]. Below the Curie temperature, the
paraelectric phase transforms into a polar state with several
symmetry-equivalent polarization variants. The crystal
therefore subdivides into domains separated by atomically
thin domain walls (DWs), which reduce depolarizing fields
and elastic energy [4]. Because DWs can be created,
displaced, and reconfigured by electric fields, they are
increasingly viewed not only as passive microstructural
features but also as functional nanoscale elements for
domain-wall electronics [5,6].

The functional response of ferroelectric DWs is strongly
affected by defects and charge-compensation mechanisms.
Dopants, vacancies, and excess carriers can modify DW mo-
bility, pinning, local conductivity, and polarization structure;
consequently, predictive control of ferroelectric properties re-
quires a microscopic understanding of how charged species
interact with different DW types [7—12]. This issue is par-
ticularly important because ferroelectric DWs may be either
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neutral, as in side-by-side or head-to-tail configurations, or
charged, as in head-to-head and tail-to-tail configurations.
Charged DWs carry bound polarization charge and therefore
generate local electrostatic potentials that must be compen-
sated [13—16]. One possible compensation mechanism is the
accumulation of free carriers at the wall [17,18]. However,
the generally low conductivity and high resistivity of many
ferroelectric oxides indicate that compensation can also occur
through localized valence changes of lattice ions or through
self-trapped carriers [19-21].

Self-trapped carriers, or small polarons, form when an ex-
cess electron or hole localizes on an atomic site together with a
local lattice distortion [22]. In oxide ferroelectrics, such local-
ization is directly connected to reduction or oxidation of host
ions and can, therefore, set charge-compensation limits and
pin the Fermi level [23]. Polarons are thus relevant not only
for electronic and optical properties, but also for the response
of domain walls to charged defects and nonstoichiometry
[24-31]. Recent theoretical and experimental studies have
shown that DWs can act as trapping sites for localized charges
or charged defects, thereby influencing DW conductivity, pin-
ning, and transport in ferroelectric and ferroelastic materials
[10,21,32-38]. These results motivate a direct comparison of
polaron stability in bulk-like and DW environments.

PbTiO; provides a well-defined model system for this
purpose. At room temperature, PbTiO3 adopts the tetragonal
P4mm phase after a paraelectric-to-ferroelectric transition at
approximately 763 K [39-44]. Its electronic structure and
lattice parameters have been extensively characterized, with
a band gap of about 3.2-3.6 eV and an experimental tetrag-
onality of c¢/a = 1.06 [45-51]. The structure and energetics
of neutral 180° DWs in PbTiO3 have also been investigated
previously, showing that PbO-centered walls are energetically
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FIG. 1. (Left panel) Crystal structure of PbTiO3 primitive cell for up polarization, plotted using VESTA [55]. Ti ions are represented by cyan
spheres, Pb ions by black spheres, and O ions by red spheres. Each Ti is surrounded by six oxygen atoms in this system to form a distorted
octahedron. The down-polarized state is obtained by rotating the up-polarized state by 180° about the x-axis. (Right panel) The optimized
10 x 2 x 2 supercell containing two symmetric 180° DWs. The green and dark-blue solid lines denote two symmetric DWs. Notably, within
the DW, the Ti-O bond lengths along the apical direction undergo variations. Similarly, positions of the Pb ions also exhibit changes across
the DW. The green and yellow spheres indicate the Ti sites at which the electron polaron is localized in the bulk-like and near-wall regions,

respectively.

favored over TiO,-centered walls [52-54]. These properties
make PbTiO; an appropriate reference material for isolating
the interaction between a neutral ferroelectric DW and a lo-
calized excess electron.

In bulk tetragonal PbTiOs, Ti-centered electron polarons
have been studied in detail and are known to correspond to
the reduction of Ti*t to Ti*t, with the excess electron lo-
calized in Ti 3d states [56-58]. In contrast, O-centered hole
polarons are energetically unfavorable as shown by density
functional theory (DFT) calculations [59]. Despite this estab-
lished bulk behavior, it remains unclear whether a neutral 180°
DW substantially changes the trapping energy of a Ti-centered
electron polaron, and whether such a localized carrier modi-
fies the local polarization structure of the wall. This distinction
is important: if the DW lowers the polaron trapping energy,
it may act as a segregation site for self-trapped electrons; if
not, then the polaron remains essentially bulk-like and the
neutral wall does not provide a thermodynamic driving force
for charge localization. Here, electron-polaron segregation
refers to the thermodynamic preference of a localized electron
polaron to reside at or near the domain wall rather than in a
bulk-like region. This preference is quantified by comparing
the total energies of configurations with the electron polaron
near the domain wall and in a bulk-like region, where a nega-
tive value indicates favorable segregation to the domain wall.

In this work, we address this question using density func-
tional theory with a Hubbard correction (DFT + U). We first
determine an appropriate U parameter for Ti 3d states us-
ing a finite-size-corrected level-alignment procedure, since
the predicted stability of localized polarons is sensitive to
self-interaction errors and finite-size effects [60—62]. We then
construct a PbO-centered neutral 180° DW in tetragonal
PbTiO; and compare Ti-centered electron polarons located
in bulk-like and near-wall regions. By analyzing trapping
energies, electronic density of states, and local polarization
profiles, we determine whether the neutral DW promotes
electron-polaron segregation and how the localized charge
couples to the Ising-like polarization reversal at the wall.

II. COMPUTATIONAL DETAILS

First-principles calculations were performed using the
Vienna ab initio simulation package (VASP) [63,64]. The
electron-ion interaction was described by the projector
augmented-wave method [64,65], and exchange—correlation
effects were treated within the Perdew-Burke-Ernzerhof for
solids (PBEsol) form of the generalized-gradient approxima-
tion [66,67]. The valence configurations were 6s26p” for Pb,
35%3p®3d?4s* for Ti, and 2s*2p* for O. Plane-wave cutoff
energies of 900 eV and 520 eV were used for primitive-cell
and supercell calculations, respectively.

The tetragonal PbTiO; primitive cell was initialized from
the experimental structure [48]. Both lattice vectors and in-
ternal coordinates were relaxed at the PBEsol level. Since
the structural tetragonality of PbTiO; is sensitive to the
choice of exchange-correlation functional, and since adding
a Hubbard correction during the structural optimization re-
duces the PBEsol fetragonality, the PBEsol-optimized volume
was used as the reference geometry for subsequent calcu-
lations. The Hubbard correction was applied in calculations
involving excess-charge localization, where self-interaction
errors directly affect the stability of the polaronic state.
Brillouin-zone sampling was performed using I'-centered
meshes of 10 x 10 x 10 for the primitive cell and 3 x 3 x
3 for the 3 x 3 x 3 bulk supercell. All ionic relaxations
were continued until the residual forces were below 5 x
103 eV/A.

A neutral 180° domain wall was constructed by joining
oppositely polarized tetragonal PbTiO; domains along the
[100] direction, with the spontaneous polarization oriented
along [001] (see Fig. 1). The downward-polarized domain
was generated by rotating the upward-polarized structure by
180° about the [100] axis. We considered a PbO-centered
wall, which is the lower-energy configuration for neutral
180° domain walls in tetragonal PbTiO3 [52-54]. The pris-
tine wall structure was first relaxed in a 10 x 1 x 1 supercell
and then expanded to a 10 x 2 x 2 supercell for the polaron
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FIG. 2. Determination of the Hubbard parameter for the Ti-3d
states using the polaronic level-alignment procedure in a 3 x 3 x 3
PbTiO; supercell [61]. The curves show the polaronic energy levels
for the occupied (Q = —1) and unoccupied (Q = 0) charge states
as functions of U. Solid and dashed lines represent the finite-
size-corrected and uncorrected levels, respectively. The Hubbard
parameter is determined from the crossing of the Q = —land Q =0
levels, yleldlng Ucorrectea = 4.54 €V and Uincorrected = 3.55 €V.

calculations. The corresponding I'-centered k-point meshes
were 2 x 8 x 8 and 2 x 4 x 4, respectively.

Localized electron polarons were generated by adding one
excess electron to the supercell and initially constraining the
occupation matrix of a selected Ti center. This procedure
breaks the symmetry of the delocalized conduction-band state
and promotes localization of the excess electron on a chosen
Ti site. During the following ionic relaxation, the surround-
ing Ti—O bonds respond to the localized charge and form
the accompanying lattice distortion. After this distortion was
established, the occupation constraint was removed and the
system was fully rerelaxed self-consistently within DFT 4 U.
Occupation-matrix control was used to avoid convergence to
metastable or delocalized solutions associated with the multi-
minimum character of DFT + U calculations [68].

The Hubbard parameter applied to Ti 3d states was not
treated as an empirical fitting parameter. Instead, it was
determined using the finite-size-corrected level-alignment
procedure of Falletta er al. [61], in which the polaronic Kohn-
Sham level is aligned between the fully occupied and empty
charge states after removing spurious electrostatic finite-size
contributions (see Fig. 2). This point is important because
the value of U controls the balance between electron local-
ization and delocalization: too small a U leaves excessive
self-interaction error and favors an extended conduction-band
state, whereas too large a U can overlocalize the excess
electron.

For the occupied polaron level, the electrostatic correction
to the Kohn—Sham eigenvalue is written as

2
Gggfr = - m((], 6O)s (1)
q
whereas for the empty polaron level it is
2
€on . =~ En(q + g1 €x0)- )
q + dhy pol

TABLE I. Comparison of experimentally measured and theoret-
ically calculated lattice constants and c/a ratios for the tetragonal
phase of PbTiOs, highlighting data from various studies in the scien-
tific literature.

Methods a=bA) c(A) c/a
Expt. [49,51] 3.90 4.15 1.06
Expt. [48] 3.90 4.13 1.06
PBE [57] 3.84 4.72 1.23
PBE + U [57] 3.98 4.00 1.005
PBEsol + U 3.94 3.99 1.01
PBEsol 3.87 4.19 1.08
Here, ¢ is the net charge of the simulation cell, q;o] = —q(l —

€00/€p) 1s the polarization charge associated with the ionic
relaxation around the polaron, and E,, is the image-charge
correction evaluated using the Freysoldt scheme [69,70]. The
static dielectric constant €y screens the long-range electro-
static interaction of the occupied, relaxed polaron, whereas
the high-frequency dielectric constant €., is appropriate for
the unoccupied level, for which only the electronic polariza-
tion responds. We used the experimental dielectric constants
€co.a = 0.64, €50 . = 6.63, €9, = 106.9, and €y . = 28.6 [71].
This procedure yields Uiz, = 4.54 eV for Ti 3d states.

III. RESULTS AND DISCUSSION

A. Geometry optimization

We start from the geometry optimization of the primitive
cell in the tetragonal phase. We use an experimental crystallo-
graphic information file (CIF) [48] as the starting point and
optimize both the cell volume and ionic positions. For the
study of the tetragonal phase of ferroelectric materials like
PbTiO;, selecting an appropriate pseudopotential approach
to approximate the electron-ion interaction and exchange-
correlation functional is crucial to achieving a c¢/a ratio close
to the experimental value. The PBE functional overestimates
the c/a ratio (c/a = 1.23 [57]), and the addition of U does
not significantly improve this discrepancy (c/a = 1.005 [57]),
although the other lattice constants are closer to the experi-
mental measurements (@ = b = 3.98 A [57]). In contrast, we
find that the PBEsol functional yields a c/a ratio of 1.08,
which decreases to 1.01 with the inclusion of U. Given
that the PBEsol functional provides a c/a ratio closer to
the experimental value, we adopt the PBEsol-derived vol-
ume for subsequent calculations. In the following analysis,
U is included only when optimizing ionic positions for cal-
culations involving an excess charge and polaron formation.
The optimized lattice constants obtained with the PBEsol
exchange-correlation functional are a = b = 3.87 A and ¢ =
4.19 A, resulting in a c/a ratio of 1.08. These values show
good agreement with the experimental data [48,49,51] (see
Table I).

B. Electron-polaron trapping in bulk phase

Prior to investigating the interaction between the electron
polaron and the DW, we evaluated the trapping of the polaron
on a bulk Ti site using supercells of various sizes. The trapping
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FIG. 3. Polaron trapping energy as a function of inverse super-
cell size, (1/L), for L = 2—5. The symbols represent the calculated
DFT + U values. The solid line shows a fitted line using Ey.,(L) =
Eextrapolaica + Aexp(—k/L), where A = 1.1369 and k = 1.5494 as fit-
ting parameters. Extrapolation to 1/L — 0 yields an infinite-size
trapping energy of Eexirapolacd = —0.06 eV.

energy of the electron polaron was evaluated using band-edge
reference formulation [59,72],

Eap = E[;); - E;?ristine — €cam + Ecorr, (3)
where E;?ristine is the energy of the neutral pristine supercell
and ecpy is the conduction-band minimum of the correspond-
ing pristine system. All quantities entering Eq. (3), including
the charged polaronic state, the neutral pristine reference,
and the corresponding conduction-band minimum (CBM),
were calculated consistently using the same PBEsol + U
setup. Here, E. is the finite-size electrostatic correction to
the electron-polaron trapping energy arising from periodic
boundary conditions. This correction decreases with increas-
ing supercell size, leading to systematic convergence of the
trapping energy, as shown in Fig. 3. The resulting finite-size-
corrected trapping energy converges to —0.06eV, differing
from earlier reported values of —0.16 and —0.13 eV [57,58].
This discrepancy likely arises from differences in the U pa-
rameter applied to Ti-3d orbitals, the exchange-correlation
functional, and dielectric constants, as well as the use of the
delocalized electron configuration as the reference state in
those studies. To assess the sensitivity of the trapping en-
ergy to the Hubbard parameter, we repeated the calculations
using several values of U for the Ti 3d states. For U =
3.55¢eV, a stable localized electron-polaron solution could not
be obtained, and the excess electron relaxed to a delocalized
conduction-band state. This result illustrates the importance of
determining U using the finite-size-corrected level-alignment
procedure shown in Fig. 2. For U = 5.0, 6.0, and 7.0 eV, the
calculated trapping energies are —0.17, —0.45, and —0.76 eV,
respectively. Thus, increasing U progressively stabilizes the
localized Ti** state and makes the trapping energy more
negative.

Figure 4 displays the density of states (DOS) for the lo-
calized (polaronic) charge configurations. It reveals a distinct
spin-up state below the Fermi energy, indicative of a stable
localized polaron. Our calculations show that the additional
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FIG. 4. DOS of the polaron configuration using the corrected
Uri3q. Blue and red curves denote the spin-up and spin-down chan-
nels, respectively. The Fermi energy is set to zero. The corresponding
pristine system has a calculated band gap of 2.22 eV, and the occu-
pied electron-polaron level lies 0.75 eV below the conduction-band
minimum.

electron predominantly occupies the dx, orbital of the Ti ions,
contributing a magnetic moment of 1 ug. Prior to polaron
formation, the Ti ion is in the Ti*" oxidation state, with an
empty 3d shell. Upon localization, the ion is reduced to Ti**,
adopting a 3d" electronic configuration. The polaron level lies
0.75 eV below the CBM.

C. Ti-centered electron polaron at a PbO-centered 180° DW

We next examine the interaction between a Ti-centered
electron polaron and a neutral 180° DW in tetragonal PbTiO3.
The calculations are performed using a 10 x 2 x 2 super-
cell containing 200 atoms using DFT 4 U. The supercell
comprises domains with opposite out-of-plane polarization,
separated by a PbO-centered 180° DW, as shown in Fig. 1.
To distinguish bulk-like and DW-related polaron behavior, the
excess electron is localized on Ti sites either far from or close
to the DW, indicated by the green and yellow spheres in Fig. 1,
respectively. The domain wall formation energy is calculated
as

Epw — Epuik

Yow = A , “
where Epw and Ey, are the total energies of the domain-wall
supercell and the corresponding bulk supercell, respectively.
A is the area of the domain wall. The resulting value of
Yow = 144 mJm~2 is consistent with the result of previous
first-principles calculations (128 and 132mJ m~2) for PbO-
centered 180° DWs in tetragonal PbTiO3 [52,53].

To characterize the local lattice-polarization profile across
the DW, we evaluate the polarization associated with each Ti-
centered unit using

_ N~ i T
h=g Dl -T) ®

where 2 is the unit-cell volume, n; is the multiplicity of

atomic species j, and rij — r1! denotes the displacement of
atom j relative to the central Ti ion along Cartesian direction
i. The Born effective charges are taken from Ref. [73], with
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FIG. 5. Local lattice-polarization components across a neutral PbO-centered 180° domain wall in PbTiO;. (a) P, (b) P, and (c) P, versus
Ti position across the supercell. In the pure structure, P, remains negligible, while a small wall-normal Néel component, P,, appears near the
domain wall; P, dominates and reverses sign across the 180° wall. Adding a localized electron polaron preserves the P, and P, profiles, whereas

a finite wall-normal component, P,, develops at the polaron site.

qTi = +6.71, grb = +3.92, 9Oupica = —5.51, and 9O.quatorian —
—2.56.

The resulting polarization profiles are shown in Fig. 5.
In the pristine DW structure, the polarization is dominated
by the out-of-plane Ising component, P,, which changes sign
abruptly across the wall. The corresponding DW width is
confined to approximately one primitive unit cell (~3.87 A),
consistent with previous first-principles calculations for PbO-
centered 180° DWs in PbTiO; [52]. The transverse in-plane
component, P,, remains negligible throughout the super-
cell. By contrast, a small wall-normal Néel-like component,
P, develops in the vicinity of the DW, in agreement with
the behavior reported by Behera et al. [53]. Its maximum
value in our calculation, P, = 0.035 Cm~2, is close to the
previously reported value of 0.024 Cm~2. The calculated
saturation value of the Ising component, P, ~ 0.7 Cm™2,
also agrees well with experimental values (0.5—1.0 Cm~2)
[74,75] and with zero-temperature first-principles predictions
(0.87—1.14 Cm~2) [52,76-79].

Introducing a localized electron polaron on a Ti site leaves
the overall Ising polarization profile essentially unchanged.
No additional polarization reversal or converging/diverging
pattern is observed, indicating that the localized polaron does
not transform the neutral PbO-centered 180° Ising wall into
a charged head-to-head or tail-to-tail configuration. In par-
ticular, the reversal of P, across the DW and the negligible
transverse component P, are retained for polarons both far
from and close to the DW. The main structural response is
instead a localized enhancement of the wall-normal polariza-
tion component at the polaron site. For a polaron located close
to the DW, P, reaches 0.13 Cm—2, whereas for a polaron far
from the DW the maximum value is reduced to 0.11 Cm™2.
Thus, the Ti-centered electron polaron induces a local wall-
normal polar distortion without significantly modifying the
underlying 180° Ising DW profile. This behavior is analogous
to the local transverse or wall-normal polar distortions pre-
viously reported for point defects such as oxygen vacancies
interacting with ferroelectric DWs [80,81].

Finally, we evaluate the energetic stability of the Ti-
centered electron polaron at two representative positions, one
in a bulk-like region and one close to the DW. The occupied
polaronic state is located 0.64 eV below the CBM for the

bulk-like Ti site and 0.59 eV below the CBM for the Ti site
near the DW. The corresponding trapping energies are —0.04
and —0.03 eV, respectively, indicating that electron-polaron
formation is favorable in both cases.

The trapping energies, however, differ by only 0.01 eV.
This very small energy difference is within the expected
uncertainty associated with finite-size and self-interaction ef-
fects in the elongated 10 x 2 x 2 DW supercell. In particular,
the bulk-like trapping energy obtained in this geometry differs
from the value calculated for the more isotropic 3 x 3 x 3
bulk supercell, reflecting residual self-interaction of the local-
ized excess electron in the DW supercell. We therefore do not
interpret the small difference between the bulk-like and near-
DW trapping energies as a meaningful site preference. Rather,
these results show that the neutral PbO-centered 180° DW
provides no significant thermodynamic driving force for Ti-
centered electron-polaron segregation. A stronger segregation
tendency may nevertheless occur for other DW configurations.
Although head-to-tail 90° DWs are charge neutral and may
exhibit a pattern similar to that of neutral 180° DWs, head-
to-head/tail-to-tail 90° DWs carry bound polarization charge
and may therefore provide an electrostatic driving force for
the accumulation of electrons or electron polarons, which can
contribute to charge compensation at the wall. Different wall
orientations may also modify the local strain and Ti coordina-
tion environment, thereby affecting the stability of Ti-centered
electron polarons. We note that a systematic investigation of
charged and differently oriented DWs requires distinct super-
cell geometries and therefore requires further investigation.

IV. CONCLUSION

In this work, we investigated the interaction of electron po-
larons with a neutral 180° domain wall in PbTiO3. While hole
polarons on oxygen sites are not expected for PbTiO3 [57], an
excess electron localizes on Ti centers with a trapping energy
of —0.06eV. In the domain-wall supercell, the Ti-centered
electron polaron produces a local enhancement of the wall-
normal polarization component, while the main out-of-plane
Ising polarization profile remains essentially unchanged. The
occupied polaronic level lies below the conduction-band min-
imum, but the calculated trapping energies are small. In
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particular, the trapping energies for a bulk-like Ti site and a
Ti site close to the domain wall differ by only 0.01 eV.

This behavior contrasts with what has been reported for
oxygen vacancies at a 180° domain wall in PbTiO3;. Oxygen
vacancies are point defects that can couple more directly
to the local wall structure and have been shown to induce
transverse or wall-normal polarization components at domain
walls [82]. In this respect, the Ti-centered electron polaron
produces a qualitatively similar local polarization response:
it also generates a finite wall-normal component, P, at the
polaron site. However, the interaction with the domain wall
is much weaker for the isolated electron polaron: the near-
wall and bulk-like trapping energies differ by only 10 meV,
whereas oxygen-vacancy pinning energies of up to 261 meV
have been reported for PbTiO3 [82]. While oxygen vacan-
cies can act as stronger structural perturbations and may
promote defect accumulation or local wall modification, the
electron polaron studied here mainly induces a local po-
lar distortion without appreciable segregation to the neutral
wall.
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