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Switchable Electric Dipole from Polaron Localization in Dielectric Crystals

Kazuki Morita®,' Yu Kumagai z Fumiyasu Oba 2 and Aron Walshe'*"
'Department of Materials, Imperial College London, London SW7 2AZ, United Kingdom
2Laboratory for Materials and Structures, Institute of Innovative Research, Tokyo Institute of Technology, Yokohama 226-8503, Japan
*Materials Research Center for Element Strategy, Tokyo Institute of Technology, Yokohama 226-8503, Japan
4Department of Materials Science and Engineering, Yonsei University, Seoul 03722, Korea

® (Received 16 February 2022; accepted 5 June 2022; published 28 June 2022)

Ferroelectricity in crystals is associated with the displacement of ions or rotations of polar units. Here we
consider the dipole created by donor doping (D) and the corresponding bound polaron (e™). A dipole of
6.15 Debye is predicted, from Berry phase analysis, in the Ruddlesden-Popper phase of Sr;Ti,O;.
A characteristic double-well potential is formed, which persists for high doping densities. The effective
Hubbard U interaction can vary the defect state from metallic, a two-dimensional polaron, through to a
zero-dimensional polaron. The ferroelectriclike behavior reported here is localized and distinct from

conventional spontaneous lattice polarization.
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The ability to switch polarization by an external electric
field makes ferroelectric crystals an essential technological
system [1]. One difficulty in developing new materials is
the complexity of contributions coupled over a range of
length scales [2]. The prominent example is where sample
shape and atomic displacements interplay and cause
ferroelectricity to diminish with decreasing film thickness,
typically seen in perovskites [3]. The field has evolved with
the development of hybrid improper ferroelectrics and
multiferroelectrics [4-8]. These nonconventional cases
exhibit different interactions with other physical quantities,
notably the strain field, and are thus anticipated to over-
come existing performance bottlenecks [9,10].

Beyond stoichiometric materials, recent efforts have
focused on the interplay of defects with ferroelectricity
[11]. Despite the rudimentary electrostatic theory, sug-
gesting that the free electrons or holes induced by defects
screen the internal polarization and suppress ferroelectricity,
there are cases where defects can facilitate ferroelectricity
[12,13]. One example is stabilization of the ferroelectric
phase of HfO, by doping [14—16]. Several studies have also
suggested the possibility of inducing polar distortions
through doping [12,17]. For example, Ricca et al. have
studied a complex of oxygen and strontium vacancy in
SrMnO; and reported that they are capable of creating a
switchable dipole [17]. Li and Birol have shown that
electron doping could stabilize hybrid-improper octahedral
rotation in Ruddlesden-Popper phase compounds [12].
Efforts have also been made to enhance dielectric screening
using defects. Although the polarization does not persist,
colossal permittivity has attracted considerable attention
[18-21]. Microscopically, this behavior is realized by the
complex of positively and negatively charged defects.
Dipoles can reorient when the defects rearrange their
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configuration upon radiation of an external electric field
[18]. However, most colossal dielectric materials require
three or four types of defects to be located in close proximity,
therefore, finding simpler alternatives is desirable.

In this Letter, we predict the activation of ferroelectric-
like behavior in a nonpolar host crystal. This is achieved
through an F donor (+ charge) and the corresponding
electron polaron (— charge) in Sr3Ti,O. Using Berry phase
analysis and density functional theory (DFT), we show that
the F-polaron complex could induce a finite switchable
dipole. To understand the diversity of Ruddlesden-Popper
phases [22], we model possible accessible behavior through
tuning of the Hubbard U parameter in the exchange-
correlation functional. Although there are many similarities
to conventional ferroelectrics, the dipole in this work is
based on the polaronic state. Therefore, we expect it to have
qualitatively different behavior, which may surmount
existing technological bottlenecks.

Methodology.—The modern theory of polarization
requires the use of wave functions to calculate polarization
[23,24]. The electronic contribution is defined relative to
the reference state up to a polarization quanta. Applying
similar formalism towards defective systems has two
difficulties. First, defects often cause partial occupancy
of electronic bands, which makes polarization ill defined.
Second, it is difficult to define a reference state. In the bulk,
reference structures are often taken as a midpoint between
opposite polarization, which may correspond to the parent
space group of the polar phase. For the reference structures
to be meaningful, the polar structures must be connected
with an accessible energy barrier, otherwise the dipole
cannot flip. Given these difficulties, many studies assume a
nominal point charge in place of atoms to treat polarization.
Despite the simplicity of this classical approach, errors
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FIG. 1. (a) Ruddlesden-Popper phase of Sr3Ti,O;. The green
and red circles represent strontium and oxygen atoms, respec-
tively. The TiOg octahedra are shaded in blue. The image was
prepared with VESTA [35]. (b) Local Hartree potential integrated
along the in-plane direction. (c) Electronic band dispersion. The
energy zero corresponds to the valence band maximum.

arise from ignoring microscopic electronic contributions.
In our case, a suitable reference state can be defined.

Plane-wave DFT calculations within projector-aug-
mented wave scheme were performed using VASp [25-
27]. Using the conventional cell structure for Sr;Ti, O, the
cell volume and the atomic coordinates were fully relaxed
using the HSEO6 functional [28]. For the defect calcula-
tions, 4 x 4 x 1 supercells were calculated with 1 x 1 x 1
reciprocal space sampling, and cutoff energy of 450 eV was
employed. The barrier for the dipole switching was
calculated with a nudged elastic band, where 9 and 12
intermediate images were used for PBE + U with U = 4.0
and 5.0 eV, respectively [29].

Defect energetics.—The structure of Sr3Ti,O5 is shown
in Fig. 1, which has a nonpolar /4 /mmm space group. This
polymorph is second smallest (n = 2) among Ruddlesden-
Popper phases Sr,,Ti,O3,,;, and has stacking of two
SrTiO;5 perovskitelike layers and a SrO rocksaltlike layer
along the (001). The electrostatic potential for the rocksalt
layer is higher than the perovskite layer [Fig. 1(b)], which
has been reported to act as an insulating layer in quantum
confinement [33,34]. This is mirrored in the band structure,
where the conduction band dispersion is larger between the
in-plane direction, I' and X, but smaller in the out-of-plane
direction, I" to M [Fig. 1(c)].

FIG. 2. Electron polaron density due to Fy doping of Sr;Ti,O4
calculated by DFT/HSEO06 functional viewed from (a) an in-
plane direction, and (b) an out-of-plane direction. Green, blue,
red, and gray circles are strontium, titanium, oxygen, and
fluorine, respectively. Gray arrows are a guide to the eye for
the dipole direction.

To obtain defect energies, we calculated the phase
diagram with respect to the chemical potentials (see
Figs. S10 and S11 [36]). The formation energy of F
calculated is 2.19 eV (HSE06), whereas it was 2.59 and
2.63 for U = 4.0 and U = 5.0 eV, respectively. Since all
systems considered in this work are neutral, no charge
corrections are required. The electrostatic potential far
from the defect in the 4 x 4 x 1 cell was well converged
(Fig. S12 [36]).

Polaron distribution.—As the pristine system is diamag-
netic, the spin density is a useful descriptor of the unpaired
electron in the polaronic state. The HSE06 analysis is shown
in Figs. 2(a) and 2(b) (results for PBE + U are shown in
Figs. S5 and S6 [36]). The polaron exhibited two-dimen-
sional (2D) localization where it was well localized in the
out-of-plane direction [Fig. 2(a)], but was spread widely
along the in-plane direction [Fig. 2(b)]. This behavior is
similar to the 2D excitons described by the Bethe-Salpeter
equation [33]. The anisotropic dielectric screening also
explains this behavior (Table S1 [36]). The 2D polaron
had a slightly higher density in the proximity of the F donor,
suggesting a finite radius. However, even in our 6 x 6 x 1
supercell, it was not possible to fully encompass the spread
of the 2D polaron (Fig. S5 [36]).

We can estimate the diameter by using the Frohlich
polaron model for isotropic media. Following Schultz, the
polaron radius ry was calculated as [37]

302
= 1
' 2um(v? —w?) m
where v and w are calculated solely using Feynman’s

theory [38,39], m = 0.12 is the electron effective mass. The
coupling strength « is defined as
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where ¢, = 30.61 is the high-frequency dielectric con-
stant, &y = 5.25 is the low-frequency dielectric constant, e
is the elementary charge, and wj g is the longitudinal optical
phonon frequency. The resulting @ was 3.81 and was used
to calculate v and w (detail shown in the Supplemental
Material [36]). The longitudinal optical phonon modes at
the zone center (I' point) was calculated using phonopy
[40,41], and they were averaged using the Hellwarth and
Biaggio method [39,42]. The resulting polaron radius rs
was 52.80 A, which was much larger than the size of
6 x 6 x 1 supercell having 23.4 Ain the in-plane direction.
We also considered a continuum electrostatic model:

il = [y ) (- 50 o - 366 D).

Here E[y] is the energy, y is the polaron wave function, E
is the self-consistent electric field, and D is the electronic
displacement field by the polaron and the medium was
assumed to be isotropic in three dimensions [43,44]. The
polaron radius r, was obtained by minimizing the above
energy with respect to the trial wave function w(r) =
(xr3)~1/2e=r/"», where r, is the polaron radius. The
obtained radius was 56.86 A, which was a similar value
to the result using Schultz’s formalism.

We then modeled the dipole induced by the complex of
F* and the polaron. Since formation of polaron breaks the
inversion symmetry, it is tempting to use the nonrelaxed
structure as a reference structure, where the excess charge
induced by the dopant is symmetrically distributed.
However, we found that this structure was metallic, so
the polarization is ill defined. An artificial structure, where
the bonding around Ti was expanded to localize polaron
symmetrically was used. The reference polarization van-
ishes with modulo of eR/2Q [45].

The resulting dipole was 6.15 Debye (spontaneous
polarization Pg = 0.41 uC/cm? in 4 x 4 x 1 supercell).
This value is small compared to prototypical ferroelectrics
[1], but direct comparison is not straightforward. A better
quantification could be made by considering a point charge
model. By placing a +1 and a —1 charge in the location of
the F and the neighboring Ti in the unrelaxed supercell
(1.92 A apart), the resulting classical dipole is 9.52 Debye.
The reduction of 35% compared to the DFT calculation can
be attributed to dielectric screening.

Polarization switching.—We have shown a dipole can be
formed in this system, but it must be switchable to mimic a
ferroelectric response. Based on the Landau-Devonshire
model, a double-well potential should exist. The switching
barrier for the 2D polaron [Fig. 3(a)] and zero-dimensional
(OD) polaron [Fig. 3(b)] were 11 and 364 meV, res-
pectively. A subtle change in the Hubbard U parameter,
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FIG. 3. Hopping barrier of electron polarons is calculated with
(@) PBE+ U (U =4.0 eV) and (b) PBE + U (U = 5.0 eV). The
horizontal axis was calculated by the projection along the linearly
interpolated path between the initial and the final structure in the
configuration space.

U =4.0to 5.0 eV, increases the hopping barrier by orders
of magnitude. This originates from the qualitative different
hopping mechanisms. As is apparent from Fig. 3, 2D
polarons gradually move to the opposite site, whereas the
0D polaron stays in one site and suddenly hops. The
HSEOQ6 calculation showed a 2D polaron structure (Fig. 2),
so Fig. 3(a) is closer; however, as we will later discuss, 0D
polarons may be accessible by composition engineering.
Longer-range hopping through the rocksalt layer into the
next nearest perovskite layer was too unfavorable to realize.
Such a barrier may not be present in the less anisotropic
structure of TiO,, where many of the colossal permittivity
studies have been performed [18], and suggests that
dielectric loss may be reduced.

A double-well potential may not be realized for all
combinations of dopants and suitable host materials,
because the binding energy of the polaron must be in an
optimal range. If bound too strongly, the hopping barrier
will diminish to a single-well structure. On the other hand,
if the binding is too small, the polaron will diffuse away and
cause the dipole to collapse. The results show that polarons
in Sr3Ti,O; fall in the optimal range.

Higher doping levels.—It is worthwhile to the effect of
higher polaron concentrations. Figure 4 shows the result for
a doubled defect density. The “antiferroelectric” configu-
ration [Fig. 4(b)] is 0.6 meV more stable than the
“ferroelectric” dipole configuration [Fig. 4(a)]. If each
perovskite bilayer is considered as a domain, the energy
difference could be converted to interfacial energy of
0.018 mJ/m? (0.0012 meV/A?). This energy is orders
of magnitudes smaller than that seen for conventional
ferroelectric materials, such as BaTiOs;, where the inter-
facial energy is in the order of ~10 mJ/m? [46-48].
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FIG. 4. Polaron distribution for the case of two Fy in a
4 x 4 x 1 supercell of Sr;3Ti,O;. In the case of (a) ferroelectric
and (b) antiferroelectric configurations. Green, blue, red, and gray
circles are strontium, titanium, oxygen, and fluorine, respectively.
Gray arrows are guides to the eye for the dipole directions.

The small energy highlights the fundamentally different
mechanism of the ferroelectricity in the F-polaron dipole
system, which relies largely on the local electronic structure
rather than the long-range displacement of ions.

The ferroelectric configuration has a dipole strength of
8.37 Debye, while it vanishes for the antiferroelectric
configuration. Since the single F-polaron pair had
6.15 Debye, the dipole did not double with doping density.
Although the interaction energy between the neighboring
dipole was small, this result suggests that electrostatic
repulsion between the polarons across the rocksalt layer is
present.

Polaron regimes.—An extended family of Ruddlesden-
Popper phases exist [22]. Instead of performing exhaustive
calculations, we model the extremes of behavior by varying
the Hubbard U parameter. Such a variation could be
realized by changing the B-site cation; effective Hubbard
U values for 3D metals range from ~2.5 eV in Sc to
~13.0 eV in Ni [49-51]. We note that surfaces could alter
the effective U values through modification of the atomic
environments [52].

Three distinct segments of the curve can be discerned in
Fig. 5(a). The first is when the defect state falls in the
conduction band and acts as an electron donor. Here
delocalization throughout the crystal is seen [Fig. S4(a)
[36]]. The system is metallic and dipoles are fully
screened. The slight deviation of polarization from O in
Fig. 5(a) is due to limiations of the formalism. The second
regime starts from about U = 2.0 eV and continues up to
U =4.2 ¢eV. This corresponds to a 2D polaron solution
[Fig. S4(b) [36] ] and corresponds to polaron shape from
the HSEO6. From this value of U, a dipole emerges as a
result of broken inversion symmetry by localization of a
polaron on a single side of the donor. Just over U = 4.2 eV,
the dipole strength discontinuously changes, and the
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FIG.5. (a) Relation between the Hubbard U parameter and, the

total dipole and spin polarization in the polaron location.
(b) Defect state depth from conduction band minimum (CBM)
(full density of states presented in Fig. S16 [36]). The labeled
VBM is the value of the valence band maximum at U = 9.0 eV.
The label metallic, 2D, and 0D corresponds to the respective
polaron solutions, and their boundaries are drawn with a vertical
line at 2.0 and 4.2 eV.

polaron becomes 0D [Fig. S4(c) [36]]. This polaron
distribution is similar to the case reported in the proximity
of an oxygen vacancy in SrTiO; [53]. Near the transition,
the energy difference between OD and 2D is small, allowing
for coexistence of the two solutions.

To quantify the extent of localization, we integrated the
spin density difference within the radius 1.3 A sphere about
each Ti. The site with maximum magnetization was
consistently Ti atom neighboring F in positive ¢ direction
and coincided with the location of the 0D polaron. The
result is overlayed in Fig. 5(a). The change between the
metallic occupation and 2D polaron was less apparent,
which can be explained by the subtle polaron distribution
change [Fig. S4(a) and S4(b) [36]].

The change in the defect single-particle level is shown in
Fig. 5(b). As excess electrons localize in the Ti 3D,
increasing the U parameter has an effect of deepening
the level [54]. Again, the metallic to 2D transition is
not striking, while the 2D to OD transition is vivid.
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This suggests that the former is analogous to a second-order
phase transition, whereas the latter is first order. Over
U = 8.0 eV, the defect state reaches the valence band and
becomes a resonant band.

In conclusion, we have presented the behavior of dipole
created by the complex of F* and polaron in F-doped
Sr3Ti,O4. The dipole behaves similarly to ferroelectrics by
exhibiting double-well potential energy surfaces.
Calculation of multiple defects showed the possibility that
the domain interfacial energies are orders of magnitude
smaller than conventional ferroelectrics. By tuning the
Hubbard U parameter, we showed three types of polaron
behavior. These results suggest the possibility of this dipole
mimicking ferroelectric behavior, yet relying on a distinct
microscopic mechanism. Additionally, the Ruddlesden-
Popper phase is home to rich phenomena, including
improper ferroelectricity and orbital ordering [4,8,55].
The dipole realized in this work is small compared to
conventional ferroelectrics and is premature for commercial
devices, but realizing a finite value from a nonpolar host
crystal has conceptual importance. The influence of strain,
domain effects, surface screening, and choice of dopants
remains to be investigated.
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