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Electron engineering of metallic multiferroic polarons in
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The coexistence of ferroelectricity, conductivity, and magnetism in a single-phase material has attracted considerable attention due
to fundamental interest and tremendous technological potential. However, their mutually exclusive mechanisms hinder the
discovery of multifunctional conducting multiferroics. Here, we propose a new material design approach for electron engineering
to enable these conflicting properties to coexist. We use first principles calculations to demonstrate that appropriate mechanical
strain can turn the excess electrons in doped BaTiO3 from a free-carrier configuration to a localized polaronic state by modulating
the electron—phonon coupling. The resulting localized spin-polarized electron survives the host ferroelectricity and consequently
manifests as a multiferroic polaron. The multiferroic properties coexist with the electronic conductivity arising from the high-
hopping mobility of the polaron, which enables the doped epitaxial BaTiO3 to act as a multiferroic conducting material. This
mechanical control over the electron configuration is a potential path toward unusual coexisting properties.
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INTRODUCTION

The quest for the coexistence of normally conflicting states in a
single material has been one of the most fundamental goals of
condensed matter science as a playground of nontrivial physical
phenomena and unconventional multifunctional materials.'”
Particularly, the complex and subtle interplays of the charge,
spin, and elastic degrees of freedom in a ferroic system have
recently attracted an explosion of interest because of the
fascinating physical properties and manifold possibilities of new
technological paradigms such as multiple-state memory,” spin-
tronics,” and photovoltaics.® However, single-phase multifunc-
tional materials, which have these collective characteristics of
ferroelectricity, conductivity, and magnetism, are extremely rare.
This is because the conduction electrons in material screen the
long-range Coulomb interactions that are responsible for ferro-
electric instability and thus destroy the ferroelectric distortion.”
Furthermore, the number of single-phase multiferroics is limited,
although great progress has been made to obtain new magnetic
ferroelectrics.®2'° Recently, electron-doped ferroelectrics, which
are obtained via chemical substitution or oxygen vacancy, have
been suggested as a promising candidate for metallic ferro-
electrics'™'? or even multiferroics. However, the free carriers
inevitably quench the ferroelectricity at high density, since the
conventional contraindication between them is still not circum-
vented in these materials. Therefore, a new concept based on a
unique mechanism instead of simple electron doping is desired to
obtain truly metallic multiferroic properties, which will also
provide significant insight into diverse functionalities in perovskite
oxides.

Because electrons are of key importance in determining the
electronic, magnetic, and optical properties of those functional
materials with competing physical phenomena due to their

association with the spin and lattice degrees of freedom,'3>""7

the manipulation and control over the behavior of charge carriers
have been recognized as an effective avenue to discover exotic
electronic phenomena and new technology breakthroughs
beyond the conventional physical laws. One of the most striking
manifestations of the electron configuration is the formation of
highly confined two-dimensional electron gas, which has been
proven to produce various unique behaviors such as the interfacial
metallic phase'®' and the coexistence of ferromagnetism and
superconductivity.?® Other low-dimensional structurally confined
electron configurations have also been demonstrated to introduce
new quantum phenomena,’’ tunable electronic properties,?? and
enhanced Coulomb interactions.?®> Therefore, the controllability of
the electron configuration, especially confined in reduced
dimensionality, offer fertile ground for unusual coexisting states
and extraordinary functionalities that are inaccessible in host
materials.

Here, we demonstrate a new approach to control the electron
behavior by strain engineering instead of the common structural-
driven confinement while achieving the unusual multiferroic
conducting properties in electron-doped BaTiOs. The excess
electrons are in the common free-carrier states in this traditional
ferroelectric material, whereas an appropriate mechanical strain
unexpectedly turns the delocalized electrons into the self-trapped
polaronic state. The localized excess electrons in a spin-polarized
polaronic state do not suppress the ferroelectricity and induce the
multiferroic properties. Therefore, the multiferroic properties
combined with electronic conductivity, which arises from the
high-hopping mobility of the polaron, enable the doped epitaxial
BaTiOs to act as a multiferroic conducting material.
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Fig. 1 Stable configuration of excess electron in BaTiO3 under the (001) in-plane strain. a Evolution of the self-trapping energy of the polaron
with respect to the epitaxial strain. b Electronic properties of free carrier in BaTiOs with zero strain. The orange isosurfaces represent the up-
spin densities of 0.0005 A=3. The zero energy is set to the valence-band maximum (VBM). CBM denotes the conduction-band minimum. The
Fermi level is denoted by the vertical silver line. ¢ Electronic properties of electron polaron in BaTiOs; with 2.0% strain. The orange isosurfaces

represent the up-spin densities of 0.005 A3

RESULTS AND DISCUSSION

The epitaxial strain dependence of the total energy of various
BaTiOs crystal structures is illustrated in Fig. 1a. In the considered
range of epitaxial strains, BaTiOs displays the tetragonal T,
monoclinic M and orthorhombic O phases, which undergo the
transitions of T-M at €= —-0.6% and M-O at &£=0.6%. These
crystallographic phases are consistent with previous investiga-
tions.>** Then, we probe the stable configurations of the excess
electrons in epitaxial (001) BaTiO3 by calculating the self-trapping
energy Eiomm Of the polaron, which is defined as the energy
difference between the polaronic (Ey) and free-carrier states (E¢),
i.e., Erorm = Ep — E¢. The evolution of the self-trapping energy of the
polaron with respect to the epitaxial strain is depicted in Fig. 1b. In
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the strain-free state, the formation of polaronic states is
unfavorable, and thus, the excess electrons are in the delocalized
free-carrier states. As visualized from the squared wave functions
in Fig. 1¢, these excess electrons homogeneously spread over the
entire crystal of the symmetrically equivalent Ti sites with the up-
and down-spin states being separately delocalized over neighbor-
ing layers. The electronic density of states clearly demonstrates
free-carrier states, since the Fermi levels cross over the conduction
bands with populated conducting states (Fig. 1c). Similarly, the
excess electrons behave as delocalized free carriers in the
structures under strains smaller than 1.5%.

However, Eym decreases to almost zero at € = 1.5%. Further-
more, when the misfit strain increases to 1.7%, Eiom becomes
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negative (—26.3 meV), which indicates the energetic favor of the
polaronic states with respect to their delocalized counterparts and
the spontaneous formation of electron polarons in this mechanical
state. The spatial charge distribution of the polaron (at € = 2.0%) is
similarly shown in Fig. 1d. The excess electrons are evidently
trapped at one Ti site with a small contribution from the
neighboring O atoms and are coherently coupled to an obvious
local lattice distortion. The formation of the localized electron
induces an occupied isolated state as visualized from the
electronic density of state. The bandgap of the polaron system
is estimated to be 0.40 eV. Therefore, the misfit strain effectively
turns the excess electrons from the free-carrier configuration into
a self-trapped state in the form of small polarons in BaTiOs. The
polaronic character of the excess electron is also observed with
further applications of the tensile strain, and the polaronic state
becomes significantly more stable with increasing strain. Thus, the
excess electrons undergo the delocalized-to-localized electronic
state transition at a critical strain of approximately € = 1.5%. These
results suggest that the misfit strain plays a vital role in the
confinement of electrons and formation of a polaronic state. A
similar type of localized excess charge (hole polaron) is also
obtained in other perovskite oxides.?*~%®

The delocalized-to-localized transition of the electron config-
uration arises from the competition between the loss in strain
energy (Est), which is associated with the lattice distortion, and the
electronic energy gained from the electron localization (Eg) in
the polaron formation process.?® Eg, is insensitive to the role of the
strain, whereas Est decreases in the tensile condition due to the
increased Ti-O bonds. This phenomenon can be clearly under-
stood by tracking the phonon mode involved with the polaron
formation through the electron-polaron interaction. As visualized
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Fig. 2 Stability region of polaron and free-carrier states in electron-
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in Fig. 54, the breathing (oxygen bond-stretching) phonon mode
associated with the polaronic distortion is softened when
the strain increases, which indicates the greater tendency of the
system toward this structural distortion. As a result, the
electron—phonon coupling is increased, and the loss in strain
energy (Est) due to the polaron formation is reduced. Therefore,
the energy gain is larger than the energy loss, and the formation
of the polaronic state becomes energetically favorable in the
tensile-strained structure with strain larger than 1.5%. We further
investigate the strain dependences of the values of (1/¢.. — 1/&o) in
BaTiOs;, where €. and g, are the optical and static dielectric
constants. This quantity is closely related to Frohlich constant®®
and is a measure of the electron-phonon coupling strength. As
shown in Figure S6, the calculated values increase with increasing
strain, which also accounts for the polaron stabilization by tensile
strains.

It is instructive to further ascertain the role of carrier density on
the behavior of excess electrons, which is realized by performing
simulations in the same manner using supercells with different
sizes. According to our calculations, the critical strain for the
transition of free-carrier and polaron configurations increases with
increasing density. Specifically, the critical strain rise to 2.4% when
the doping density reaches 0.125 e/f.u., which indicates that the
stability of the polaron decreases when the electron density
increases. All of the above results show that a stable polaron
regime in terms of strain and electron density can be established,
as illustrated in Fig. 2.

The effect of these different electron configurations on the
ferroelectricity in BaTiOs is quantified by calculating the ferro-
electric distortion, which is defined as the relative displacement of
Ti and O. The ferroelectric polarization are intrinsically incompa-
tible with excess free-carrier electrons due to the screening of
electrostatic interactions that are responsible for ferroelectricity,
and inevitably vanish at high-electron concentration, as demon-
strated in previous studies®' 3 (e.g, 0.085 e/f.u. in BaTiO5>%). In
contrast, as visualized in Fig. 3a for the polaronic states, the
ferroelectric distortion in the BaTiOs system is only marginally
affected by the excess electrons, except for the local suppression
of ferroelectricity on the unit cell that accommodates the electron
polaron. The ferroelectric distortion persists at all the high electron
doping densities applied here. The strain dependence of the
average polar distortion is shown in the Supplementary Informa-
tion (Fig. S3). The observed polar distortion is small at small
applied strains and sharply increases when the strain is larger than
1.0%. We also calculate the variation of polar distortions in BaTiO3
with respect to the doping electron density at several strain states
(Fig. S4). The results show that the polar distortions decrease with
increasing electronic density but generally increase with

[010]
[001]

Fig. 3 Multiferroic properties in electron-doped BaTiOs. The red cubic box is the unit cell that accommodates the electron polaron. a Local
ferroelectric polarization in each unit cell. The white arrow P indicates the corresponding ferroelectric polarization of BaTiOs; without electron
doping. b Magnetic spin-density distribution. The yellow area represents the isosurfaces of spin densities of 0.01 ug A~>
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increasing strain. Because of the formation of polarons, the doping
density has a relatively small effect on the polaron distortions at a
strain of 4.0%. It is worth to mention that defects (e.g., oxygen
vacancies)®® or interfacial effects®> can induce the oxygen
octahedron rotation, which also has significant effects on the
ferroelectric properties. However, the rotation is not observed in
the present study.

The amplitude of the ferroelectric polarization was further
quantified using Berry phase approach.*® The result shows that
the average polarization is (0.26, 0.26, 0) C/cm? in the polaron
system at a strain of 1.5%, which is close to the value in bulk
BaTiO;.3” We further calculated the energy difference of the
polaronic states in the ferroelectric and paraelectric phases and
obtained approximately 26 meV/f.u., which is also comparable to
that of bulk BaTiO; (18 meV/f.u.).®® This result suggests an easy
transition between the two states and the switchability of the
polarization in the system. A direct application of an electric field
to the doped materials may be difficult to switch the polarization,
since the polaron system has certain conductivity, and the excess
electrons in such system may become mobile. The ferroelectric
displacement switching can be realized by constructing a super-
lattice that is sufficiently resistive to sustain the coercive voltage,
as proposed for some polar metals.>*3° In addition, Hao et al.?*
showed that the polarons in perovskite oxides move via hopping
and lead to the conductivity at high temperature, while they get
trapped and the system may be insulating or semiconducting
when temperature decreases. So, the switching is possible at low
temperature due to trapped polaronic states. Therefore, the
ferroelectric properties are sustained and coexist with the doped
electrons in the BaTiOs; system through the confinement of free
carriers.

Figure 3b shows the magnetic spin-density distribution
associated with these excess electrons in the polaronic states.
Despite being intrinsically nonmagnetic, a nontrivial magnetic
moment of 1.0 ug rapidly appears in the polaronic states in the
BaTiO; system when the misfit strain is larger than 1.5%. The
emerging magnetic moment is positive and highly concentrated
on the atomic-scale region of the Ti site, which signals the
appearance of magnetism in the doped BaTiOs. This highly
confined atomic-scale magnetism is attributed to the localized
polaronic state in the bandgap, which reduces the normal Ti*" to
Ti** and creates the surplus unpaired Ti 3d spin-polarized
electrons, as discussed regarding the electronic density. Therefore,
the confinement of free carriers through the strain engineering
manifests as multiferroic polarons in electron-doped BaTiOs. The
coupling of the local magnetic moments is found to have a
ferromagnetic order by introducing two polarons separated by a
distance of approximately 7.04 A, which is the largest possible
distance in the supercell. The ferromagnetic state is more stable
than the nonmagnetic one with an energy difference of 113 meV,
while the antiferromagtic state is unstable and spontaneously
relaxes to the ferromagnetic state. This strong ferromagnetic
exchange coupling compared with that in room-temperature
ferromagnetism®® suggests that the ferromagnetic order in the
present system may also persist at room temperature through the
accumulation of polarons. Since the doped excess electrons carry
their own spins unchanged when they wander from atom to
atom, the coupling via the electron polarons will decrease the
energy of the system when the spins are pointing in the same
direction, which creates the ferromagnetic order in the system.
We also performed the calculation with two polarons localized
on the same Ti in the same supercell and found that this
configuration was unstable in the BaTiO3; system.

To fathom the dynamics and associated conductivity of the
multiferroic polarons, we further investigated the mobility of
electron polarons in term of their activation barrier. The barrier
height for a polaron hopping between two neighboring Ti sites is
estimated by linearly interpolating two polaron configurations
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Fig. 4 Energy variation for the polaron migration path between two
minimum-energy states (initial state (IS) and final state (FS)). The
insets show the electron densities with an isosurface value of
0.006 A3

(see Methods section) using the state-of-the-art hybrid func-
tional.*’*? The calculated energy barriers in Fig. 4 show that the
multiferroic polaron is highly activated with activation energy E,
of only 224 meV. This value is in the same order as the
experimentally obtained value (68 meV)** and much smaller than
those in CaTiO; and other oxides (e.g., near 300 meV in TiQ,).***°
We also note that the nudge elastic band method®” may obtain a
smaller energy barrier, which indicates the weak trapping effect of
the polaron states and high mobile characteristics of polarons in
BaTiOsz. The high mobility of electron polarons causes electrical
charge transport and polaronic conductivity, which can be
estimated in the adiabatic small-polaron hopping mechanism
as”°>2 o= [0o/Tllexp (—Eu/kgT)]. Here, 0o is a pre-exponential
factor;’*> kg and T are Boltzmann's constant and the absolute
temperature, respectively. Taking the values of the calculated
energy barrier, we obtain the polaronic conductivity of approxi-
mately 76.2 S/cm at room temperature (300K), which is inter-
mediate between those in normal semiconductors and metals.>*
Such small-polaron hopping conductivity has also been observed
in many oxide materials,>>°° although the value is lower because
of the higher energy barrier for polaron hopping with respect to
the corresponding value predicted here in BaTiOs. Therefore, the
electron-doped epitaxial BaTiO; displays a level of electronic
conductivity as a result of the electron confinement and high-
polaron migration. Experimentally, the excess electrons can be
introduced by optical methods®' or electric-field effect®® without
pinning centers for charges to obtain the proposed polaronic
conductivity.

The above results demonstrate the unusual coexistence of
ferroelectricity, magnetism, and conductivity in electron-doped
BaTiO3 via the strain-engineered modulation of electron config-
urations. The excess electrons in the free-carrier states inevitably
suppress the ferroelectricity because of the screening of the
Coulomb interaction;®*%* while the formation of the spin-polarized
polaron by strain confines the excess electrons to the atomic-scale
site and maintains the ferroelectric properties of the system even
at a sufficient large doping density. These multiferroic polarons in
conjunction with the electronic conductivity due to their high-
hopping mobility enable the doped epitaxial BaTiOs; to act as
multiferroic conducting material. This new design strategy based
on the electron manipulation circumvents the conventional
restrictions between ferroelectricity and conductivity and between
ferroelectric and magnetic properties, which provides a method to
synthesize new multiferroic semiconductors. This new class of
multifunctional materials with integrated multiferroic and con-
ductive properties open fascinating perspectives for innovative
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applications such as magnetoelectricity and photovoltaics. It is
worth to mention that the polar distortion can coexist with
metallicity in some other electron-doped materials such as
PbTiO3,%> whereas the mechanism (the origin of ferroelectricity)
in these materials is the lone-pair mechanism and meta-screening
effect instead of the present one.

Our demonstrations also illustrate the concept of electron
engineering not by chemical modification or structural confine-
ment but by mechanical strain, which provides a possibility in the
search and design of new functionalities. The application of this
concept is not specific to the particular epitaxial ferroelectric
system that is described here, but general to a range of complex
structures and artificial geometries with intrinsic mechanical strain,
such as the grain boundary and interface. It has been reported
that the self-trapped energy of small hole polaron is largely
reduced at a ferroelectric domain wall very recently,®® which may
attribute to the mechanism that we propose here. Therefore,
present study suggests a tempting prospect to achieve widely
tunable electron configurations, including electron chains and
two-dimensional electron gas, which will also provide a rich
playground for the exploration of much more intriguing
phenomena.

In summary, a new material design concept for electron
engineering is proposed, which provides a possibility for the
unusual coexistence of the ferroelectricity, magnetism, and
conductivity in a single-phase material. The mechanical strain
provides a viable means to modulate the shape and configuration
of electrons through the modulation of electron-phonon coupling
and results in the multiferroic polaron in electron-doped BaTiOs.
These multiferroic properties further coexist with the electronic
conductivity, which originates from the intense mobility of
electron polarons. Therefore, the deliberate mechanical control
over the electron configuration may become a promising
paradigm for unusual coexisting properties and new technology
breakthroughs.

METHODS

First-principles calculations are performed using density functional theory
(DFT)+U approach®” implemented in the VASP code.®®® The 3x3x3
Monkhorst—Pack k-point mesh”® is used for the Brillouin zone integrations.
The k-point sampling was chosen by the convergence tests in Figure S2. In
all calculations, the electronic convergence tolerance was set to 1.0 X
10-6eV/cell, and the atomic positions were fully relaxed until
Hellamnn-Feynman force was below 0.01eV/A. The Coulomb and
exchange parameters U and J (U=3.925eV and J=0.511eV) are
calculated fully ab initio from the constrained random phase approxima-
tion.”! The DFT+U method has been highly successful in reproducing the
electronic properties of electron-doped systems?”2%672 at minimal added
computational cost. The common functionals, including the local density
approximation and generalized gradient approximation, usually lead to
artificial electron delocalization and fail to reproduce the polaron
formation.?®’2 Although the state-of-the-art Heyd-Scuseria-Ernzerhof
(HSE06) screened hybrid functional*'*? can more accurately describe the
electronic structures of various semiconductors, exhaustive calculations of
the strain and density dependence of the polaron stability using a hybrid
functional is computationally exceedingly prohibitive. Therefore, we only
use the HSEQ6 to cross-check the stability of the polaron obtained from the
DFT+U method. The electron-doped BaTiO3 systems are modeled by the
common supercell approach, which comprises 3 x3 X3 perovskite unit
cells. Since the effect of the finite charge concentration is necessary to
investigate the stable configuration of excess charge, Makov-Payne
correction,”® which excludes the effect of the neighboring polaron and
charge concentration, is not applied in the present study. The phonon
dispersion was calculated by computing the dynamical matrix using a
finite displacement method, where each ion was displaced by 0.01 A.
Atomic and structural relaxations are performed by constraining the in-
plane lattice parameters of the supercell a; and a, to simulate the (001)
epitaxial condition while allowing the remainder of out-of-plane lattice, as,
to fully relax during the calculations. The intrinsic electron behaviors in the
ferroelectrics are investigated by injecting one electron in the calculated
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supercell with the same amount of homogeneous positive background
charges, which correspond to a density of 0.037 e/f.u., and subsequently
relaxing the atomic positions at each epitaxial condition. Both free-carrier
configuration and polaronic state, which consist of electrons and a small
concomitant lattice distortion, are considered (Fig. S1). The free-carrier
configuration is obtained by relaxing the initial structure from the perfect
BaTiO; geometry, and the polaronic state develops when an expansion of
the oxygen octahedron around a chosen Ti atom is applied in the starting
geometry.

A linear interpolation scheme is used to calculate the polaron
migration pathway C, as C=tx C1 + (1 — t) X C2. Here, C1 and C2 are the
coordinates of all atoms in the initial and final polaron configurations,
respectively; t is varied in the range of 0—1.

The pre-exponential factor’® o, in the estimation of polaronic
conductivity is given by

74,75

gcN(1 — ¢)e?a’v
Oy =——"——
K

. m

where g is a geometrical factor, ¢ is the fraction of sites occupied by
polaron, N is the density of conducting sites, a is the hopping distance, i.e.,
the distance of two neighboring Ti atoms, and v is the lattice vibrational
frequency.
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