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Ultrasmall ferroelectrics with nontrivial topological field textures such as polar vortices, skyrmions, and
merons hold promise in technological paradigms. Such nontrivial ferroic orders and their functionalities,
however, inevitably disappear below a critical size of several nanometers. Here, we propose a strategy to
overcome this limitation and design atomically small ferroelectrics with topological polarization vortices by
engineering excess-electron polarons. Our first-principles calculations demonstrate that excess-electron polarons
formed in antiferrodistortive SrTiO; induce localized ferroelectric polarization with a topological vortex form
due to local symmetry breaking and demonstrate the possibility of an atomic-scale “ferrotoroidic” materials.
We further show that the electron polaron carries a magnetic moment coupled with ferrotoroidicity, i.e., the
magnetoelectric effect. We also discuss possible methods to switch the toroidal moment via the magnetoelectric

effect. Our result, thus, provides insight into the ultimate miniaturization of ferrotoroic materials and a class of

functional polaron families.
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I. INTRODUCTION

Ferroelectric perovskite oxides, such as BaTiO; and
PbTiO;, have lately attracted tremendous attention owing to
their distinguished dielectric, ferroelectric, and electrome-
chanical properties and technological applications such as
in ferroelectric memories, sensors, microelectromechanical
systems (MEMS), actuators, etc. [1-3]. In recent years,
nanoscale ferroelectrics such as nanothinfilms [4], nanowires
[5], and nanotubes [6] have been synthesized with advances
in manufacturing technology. In these nanoferroelectrics,
the polarization effect is different from that of macro
counterparts because the influence of the depolarization field
accompanying the surface charge is applied to the entire
material [7-9]. Vortex polarization is one of the well-known
examples for nontrivial topological polarization patterns that
emerge in nanoferroelectrics. Vortex polarization is known
to generate an order variable called the toroidal moment due
to the nature of a vortex while the polarization of the points
mutually cancels out when the polarizations are summed up
[10-12]. Importantly, the toroidal moment can be reversed
according to the rotational direction of the vortex polarization
(ferrotoroidicity). Hence, the vortex polarization is expected
to find applications in ultra-large-capacity memories that
store information [10]. To increase the speed and capacity
of integrated devices such as memories, it is necessary to
integrate the components at high density. Therefore, minia-
turization of vortex polarization and ferrotoroidal materials
is required. However, in ferroelectrics, the ferroelectricity
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disappears when the size of the material is lower than a
critical threshold. For example, ferroelectric PZT and BaTiO3
nanodots are reported to lose their ferroelectricity when their
size drops below 3 to 5 nm [10,13]. Therefore, there is a
physical size limit to the miniaturization of ferroelectric
materials via material processing in principle and a strategy
is required for further miniaturization of vortex polarization.

Excess electrons or holes often exist in oxide materials
due to the method of injecting electrons from the electrode
in which high voltage is applied to the insulator, or the
compositional mismatch derived from lattice defects such as
vacancies, dislocations, and grain boundaries [14—16]. Excess
electrons or holes in the material are known to form a free-
carrier state uniformly distributed throughout the material or a
polaronic state localized at one atomic site in the material with
a local lattice distortion [14]. Due to strong electron-phonon
interaction at the polaronic site, local mismatch in charge
balance occurs and atoms around the polaron are displaced,
leading to the formation of characteristic atomic and
electronic structures at the local polaronic site. As a result, the
crystal symmetry breaking due to the formation of polarons
induces ionic displacement in oxide materials, giving rise
to local dipole moments and polarizations. So far, we have
attempted to design physical properties via the local symmetry
breaking from lattice defects in crystals instead of polarons,
such as ferroelectricity and magnetism via lattice defects such
as vacancies [17], dislocations [18], and grain boundaries [19]
to create ferroelectric and multiferroic materials smaller than
the critical size. However, there has not yet been an example
of creating atomic scale ferrotoroidal materials with vortex
polarizations.

©2020 American Physical Society
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FIG. 1. (a) Electronic density of states (DOS) of the excess-electron polaron in SrTiO;. The red and blue areas (lines) indicate the occupied
(unoccupied) states of up- and down-spins, respectively. The mid-gap state is the Ti d,. state occupied by the one excess electron. (b) Charge
density distribution of the polaronic state in SrTiOs. The orange area represents the isosurface of charge density of 0.01e/A3. White arrows
indicate the displacements of O atoms around the polaron. (¢) Atomic displacement d (white arrows) around the polaron in StTiOs.

In this study, we demonstrate that the excess-electron
polaron formed in antiferrodistortive (AFD) SrTiO3 induces
localized ferroelectric polarization with a topological vortex
form using first-principles calculations and also demonstrate
the possibility of an atomic-scale “ferrotoroidic” material.
Further, we demonstrate that electron polarons carry magnetic
moments coupled with ferrotoroidicity, i.e., the magnetoelec-
tric effect. Finally, we discuss possible methods to switch the
toroidal moment.

II. SIMULATION MODELS AND PROCEDURE

First-principles density functional theory (DFT) [20,21]
calculations were performed using the VASP [22,23] code. The
projector-augmented wave pseudopotential method [24,25]
was employed and the electrons of 4s, 4p, and 5s electrons
for Sr, the 3s, 3p, 3d, and 4s electrons for Ti, and the 25 and
2p electrons for O were treated as valence electrons. The elec-
tronic wave function was expressed using a plane wave basis
set, and the cutoff energy of the plane wave was set to 400 eV.
The simulation supercell model consisted of 4 x 4 x 4 unit

cells of AFD SrTiOj3. The 3 x 3 x 3 Monkhorst-Pack [26]
k-point mesh was used for the Brillouin zone integration. The
system was charged to negative due to introduction of an ex-
cess electron with homogeneous background charge condition
to satisfy the electrical neutrality condition [27]. To correctly
describe the polaronic state of excess electron in SrTiO3, we
used the DFT+U method for the generalized correlation of
the correlation term with Perdew-Bruke-Ernzerhof et al. [28].
The values U = 4.96eV and J = 0.51 eV, calculated using
the first-principles approximation, based on the constrained
random phase approximation method, were applied to the 3d
orbital of the Ti atom [29]. It has been reported that localized
electronic states in SrTiO3; can be well reproduced by these
U and J values [29]. See the Supplemental Material for more
details [30].

III. RESULTS AND DISCUSSION

A. Formation of the excess-electron polaron

Figure 1(a) depicts the electronic density of states (DOS)
of the excess-electron-doped SrTiOz. Within the band gap,
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FIG. 2. The distribution of polarization P in SrTiO; (a) without
polaron and (b) with polaron. The yellow arrows indicate local
polarization. The orange area represents the iso-surface of polaron
charge densities of 0.01e/A3. The local polarization of 11.7,.C/cm?
in undoped AFD SrTiOj; is shown as reference in the left panel.

an electronic state exists at an energy level of 1.9 eV higher
than the valence band maximum, as represented by the black
dotted line. This state does not exist in undoped SrTiOs3, and
thereby, the energy level appearing in the band gap can thus
be attributed to the excess electron. Figure 1(b) depicts the
charge density distribution of the orbital of the excess-electron
state that appears in the band gap. The red region in the figure
represents an isosurface with a charge density of 0.01 A3,
The excess electron is localized to one Ti atom, and occupies
the Ti d, orbital. A careful observation of the atomic structure
near the excess-electron localized Ti atom suggests that the O
atom adjacent to the Ti atom is slightly displaced and lattice
distortion occurs locally [Fig. 1(c)]. The small displacements
of each O atom are 0.066 A for the Ol and O2 atoms,
0.026 A for the O3 and O4 atoms, and 0.067 A for the
05 and O6 atoms, as shown in Fig. 1(b). This anisotropy
corresponds to the anisotropy of the d,, orbital occupied by
the excess-electron polaron. Since this local lattice distortion
is a typical feature of a polaron [14,29], the excess electron
forms a polaronic state in SrTiOs;. Actually, in the previous
first-principles calculations for a Nb-doped SrTiO; system,
an excess electron introduced by a Nb impurity was observed
to form a polaronic state in SrTiO; [29], which is in good
agreement with the polaron formation in our calculations.

B. Evaluation of vortex polarization characteristics
of excess-electron polaron

To study the ferroelectric properties induced by excess-
electron polarons, we evaluate the local polarization for each
local unit cell. Details of the evaluation method are given
in the Supplemental Material. Figure 2 shows the spatial
distribution of local polarizations in the AFD phase SrTiOs;
in the absence and presence of the excess-electron polaron.
When the electron polaron does not exist, the clockwise
and counterclockwise microvortex polarizations of the same
magnitude are arranged alternately due to the AFD rotational
displacement as explained in Supplemental Material and rep-
resented in Supplemental Fig. S4. On the other hand, when the
electron polaron forms, the arrangement of local polarizations
is disturbed around the polaron formation site, and the vortex

polarization on the polaron site is distinguished. Evidently,
this change is induced by the formation of the polaron. It is
to be noted that such change in polarization arrangement only
takes place at the proximity of the polaron formation site,
while the arrangement of the remained local polarization is
almost the same as that in the absence of the polaron.

To quantitatively characterize the vortex polarizations, the
toroidal moment G is used as a physical quantity [10-12], and
is given by the following equation [10]:

1
G:W;rkxm 1)

where ry is the position vector of the k-th local unit cell, Py
is the local spontaneous polarization at position ry, and N is
the number of local unit cells contained in the simulation cell.
The sum is taken over all unit cells in the analysis cell. In the
absence of polaron, the toroidal moment of the system was
estimated to be Gperece = (0.00, 0.00, O.OO)MCA/cmz. This
result indicates that the AFD phase SrTiO; has no macro-
scopic (net) toroidal moment and does not show ferrotoroidic-
ity in the absence of excess-electron polaron, even though
micro-vortex polarizations exist. In other words, the AFD dis-
placement is just a structural displacement that does not con-
tribute to the development of macroscopic (net) polarization
or toroidal moment. This result is identical to the recognition
of the AFD phase in previous research [31,32]. On the other
hand, when the excess-electron polaron is present, a nonzero
toroidal moment Gpolaron = (0.00, 0.00, 0.11)/LCA/cm2 ap-
pears. Therefore, the excess-electron polaron obviously in-
duces a spontaneous toroidal moment.

In order to examine the generation of the toroidal moment
by the excess-electron polaron in detail, the difference be-
tween the local polarization Ppojaron in the presence of the
excess-electron polaron and the local polarization Ppefee in
the absence of the excess electron is evaluated as

AP = Ppolaron - Pprefect’ (@)

where AP indicates the polarization induced by the formation
of the excess-electron polaron. Figure 3 illustrates the distri-
bution of AP. The appearance region of AP is approximately
three unit lattices around polaron in the x and z directions
and approximately one unit-lattice in the y direction. A closer
look at the polarization on the x-y plane reveals a polarization
pointing in a direction slightly deviated from the Ti atom
in which the polaron is formed [Figs. 3(b) and 3(c)]. Based
on this feature, we decompose the component of AP in the
radial direction and the azimuthal direction centered on the
polaron formation site. While the radial component does not
contribute to the toroidal moment [Fig. 3(d)], the azimuthal
component can be a primary source of the toroidal moment
[Fig. 3(e)]. Therefore, the azimuthal polarization induced by
the formation of polaron should be considered to be the
origin of toroidal moment. Note that, since the sum of AP
is 0, the formation of the polaron does not induce any net
(macroscopic) polarization.

Next, we discuss the mechanism of the appearance of
the local polarization and toroidal moment via the polaron
formation. Polarization is defined as the electric dipole mo-
ment per unit volume, which corresponds to the spontaneous
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FIG. 3. The polarization induced by the formation of excess-electron polaron in SrTiO;. The yellow arrows indicate the difference of
local polarization AP between SrTiOs with and without the polaron. The orange area represents the isosurface of polaron charge densities of
0.01e//°§3. (a) Overview, (b) top view, (c) top view (zoom), (d) radial component, and (e) azimuthal component.

relative displacement of positive and negative ions in ionic
crystals. Thus, we now look at the displacement of each
atom induced by the excess-electron polaron, as shown in
Fig. 1(c). O atoms nearest to the Ti atom where the polaron is
formed exhibit relatively large displacement. The anisotropy
of the O-displacement pattern corresponds to the anisotropy of
d,, orbital occupied by the localized excess-electron polaron.
Moreover, almost no significant displacement is observed in
other atoms. Since the O atom is an anion having a negative
charge, when the excess-electron polaron is formed on the
Ti atom, the negative charge of the polaron and the neg-
ative charge of the O atom cause electric repulsion. Thus,
the repulsion works to displace each O atom [Fig. 1(c)].
The polarization shown in Fig. 3 thus appears due to this
displacement. In addition, the polarization of the O atoms,
01-04, with AFD displacement obtains components in the
direction perpendicular to the components originally pos-
sessed by this displacement. Due to the contribution of this

newly obtained component, the azimuthal component of lat-
tice displacement becomes smaller than the original AFD
displacement, which weakens the clockwise character of the
local polarization vortex of the polaron formation compared
with the absence of the excess-electron polaron site, and
thus induces counterclockwise polarization vortex in total
(Fig. 4). In addition, the atomic displacement induced by
the polaron is highly localized at the polaron formation site
(only one or two lattices), while there is no such displacement
in other sites. This means that the excess-electron polaron
carries a highly localized (lattice size) polarization vortex and
resulting toroidal moment (Fig. 4). In other words, a spon-
taneous toroidal moment appears when the polaron locally
breaks the symmetry of the local polarization distribution.
In addition, the symmetry breaking of this local polarization
distribution is caused by the AFD displacement of the AFD
phase SrTiO; and the introduced excess electron forming a
polaron and breaking the structural symmetry locally. In fact,
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FIG. 4. Schematic illustration of polarization vortices in AFD
SrTiO; (a) without polaron and (b) with polaron. The blue and red
arrows indicate local polarization. The black and red circles indicate
the direction of vortices.

the polarization distribution schematically presented in Fig. 4
is well applied to the analysis results given in Fig. 2, and this
discussion can explain the analysis results without contradic-
tion. Further, in the paraelectric phase SrTiOs without AFD
displacement, the excess-electron polaron does not induce a
toroidal moment. This also indicates that AFD displacement
is necessary for the appearance of the toroidal moment. Based
on the above discussion, the appearance of the spontaneous
toroidal moment in the AFD phase SrTiO;3 introducing the
excess electron can be attributed to the AFD displacement of
the tetragonal SrTiO; and the local symmetry breaking by the
excess-electron polaron.

C. Potential for reversal of toroidal moments
via polaron hopping

Figure 5(a) schematically depicts the difference between
the directions of toroidal moment depending on the polaron
formation site. In the results discussed in the previous section,
a toroidal moment appears in the [001] axis direction due

to the excess-electron polaron being formed on the lattice
with AFD displacement in the counterclockwise direction.
Now, we consider the case where the excess-electron polaron
is formed at a site with clockwise AFD displacement, in
line with the mechanism discussed in the previous section.
We showed that the toroidal moment appears as the excess-
electron polaron weakens the vortexlike order that the polaron
formation site originally had. Therefore, the direction of the
toroidal moment that is developed depends on the rotational
direction of the local polarization that originally existed at the
polaron formation site. Since the rotational direction of the
local polarization corresponds to that of the AFD displace-
ment, the direction of the toroidal moment also depends on
the rotation direction of the AFD displacement of the po-
laron formation site. Thus, when the excess-electron polaron
is formed in a lattice with a clockwise AFD displacement,
the toroidal moment appears in the [001] direction. These
structures relate to mirror symmetry, and both states are en-
ergetically equivalent. Therefore, there exist two energetically
equivalent toroidal moments in the AFD phase SrTiO3, which
depend on the rotational direction of the AFD displacement at
the polaron formation site.

Now, it is generally known that a polaron can move to
an adjacent site (hopping) via lattice vibration [14]. The
polaron’s mobility u can be obtained by the following

equation [33]:
) . 3)

In this equation, e is an elementary charge, a is the move-
ment distance of the polaron to the nearest site, wy is the
frequency of the longitudinal optical phonon, kg is Boltz-
mann’s constant, 7 is the absolute temperature, E, is the
activation energy required for the polaron to move to the
nearest site. E, can be estimated by the following method
[33]. Figure 5(b) shows the activation energy barrier for
polaron hopping to the nearest-neighbor site, and we obtain
the activation energy barrier of E, = 74.40 meV. Substitut-
ing this value and e = 1.602 x 107°C, a = 3.929 A, wy =
2.40 x 103s~! [33], kg = 1.381 x 1072J/K, T =300K
into Eq. (3), we obtain u = 8.05 x 1072cm?/Vs. It was
reported that, for a hole polaron in SrTiO;, E, = 66 meV
and ;1 = 5.09 x 103cm?/Vs [33], and the excess-electron
polaron in this study is similarly mobile as the hole polaron.
On the other hand, the diffusion velocity of oxygen vacancies
in oxides was reported to be 1078 — 10~%cm?/Vs [34], and
the mobility of the excess-electron polaron is several orders of
magnitude larger, and the excess-electron polaron has higher
mobility than oxygen vacancies. Therefore, it is considered
that the excess-electron polaron formed in SrTiO3; has high
mobility and can easily move to the adjacent Ti atom.

Considering the above discussion, it is possible to reverse
the direction of the toroidal moment of polaron by moving the
excess-electron polaron to an adjacent site. In other words, the
excess-electron polaron in the AFD phase SrTiO; can invert
the toroidal moment by hopping and has a “ferrotoroidic”
property. Therefore, the excess-electron polaron can be re-
garded as an atomic scale ferrotoroidal material.

eawy E,
= exp| —
=0T SP\ Tt
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FIG. 5. (a) Schematic illustration of toroidal moment G induced by polaron in SrTiOs. The direction of G corresponds to the direction of
local AFD rotation at the site where the polaron is formed. (b) Energy barrier for polaronic migration in SrTiO;z from a site with clockwise

AFD to the neighboring site with counterclockwise AFD rotation.

D. Multiferroic nature of polarons

While SrTiOj; is originally a nonmagnetic material, 1 ug
of magnetism appears in it when the excess-electron polaron
exists in SrTiOs;. Figure 6(a) shows the magnetic density
distribution when the excess-electron polaron forms in AFD
SrTiO3;. The magnetic moment is localized to the Ti atom
where the excess-electron polaron is formed. Thus, the excess-
electron polaron is responsible for the development of mag-
netism, and behaves as a spin (magnetic) polaron [35].

To discuss the magnetocrystalline anisotropy, the direction
of the magnetic moment induced by polaron is evaluated
in this part. The component (m,,m,, m;) of the magnetic
moment is determined by the following equation, and the total
energy for that component is calculated:

m, = sin 6 cos ¢, )
my = sin6 cos ¢, (®)]
m, = cos ¢, (6)

214101-6



FERROTOROIDIC POLARONS IN ANTIFERRODISTORTIVE ...

PHYSICAL REVIEW B 101, 214101 (2020)

(a)

O Sr
QT
e O

y[010]

,Iz[om]

x[100]

(©)

0.006

0.005

0.004

0.003

0.002

MAE (peV)

0.001

—0.001

-2 -1 0 1 2 3
6 (degree)

MAE [peV]

2.7
¥ [010] [2.5

x [100] b

(d)

FIG. 6. (a) Magnetic spin-density distribution of the excess-electron polaron in SrTiO;. The yellow area represents the iso-surface of
spin-densities of 0.05 u5/A%. (b) Magnetocrystalline anisotropy energy (MAE) surface of excess-electron polaron. The white lines represent
the contour lines at every 0.25 ueV. (c) MAE of around the [100] direction. (d) The direction of magnetic moment of the excess-electron

polaron.

where 0 is the angle between the magnetic moment and the
[001] direction, and ¢ is the angle between the magnetic
moment mapping on the (001) plane and the [100] direction.
The values of energy are calculated by changing 6 and ¢ by
10°, respectively. Using this total energy, we calculate the total
energy difference defined by the following:

AE(n’lx’ myamz) _E(mxamyamz)_E(lv 0, 0) (7)

Here, E(m,, my, m;) is the total energy when the component
of magnetic moment is (m,, m,, m;). The total energy differ-
ence AE (my, my, m;) is the magnetocrystalline anisotropic
energy (MAE), which indicates energy dependence on the
direction of the magnetic moment with respect to the crystal
orientation. Figure 6(b) depicts the MAE landscape of the

excess-electron polaron. Note that, to obtain the accurate
MAE landscape, the energy convergence criterion in the MAE
calculations was set to be strict (i.e., 10 x 107%V). The
difference between the maximum and minimum MAE, i.e.,
the energy difference between the cases in which magnetic
moment points at the hard and easy axes, is 2.7 pueV. This is
the same order as the value 1.4 peV/atom [36] of Fe(bcc),
which is a general ferromagnetic material. In Fig. 6(b), the
MAE is high near the y axis ([010] axis) and is low near the
x—z plane. Here, AE (0,0, 1) = 0.19 ueV, and the energy
is lower for (m,, my, m;) = (1,0, 0) although it is nonzero.
Therefore, MAE is minimized when (m,, my, m;) = (1,0, 0)
[or equivalent (m,, my, m;) = (—1,0,0)]. Here, in order to
examine the direction of the most stable magnetic moment
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in more detail, MAE was studied with ¢ = 90° and 6 varied
from —2° to 3° in 1° steps [Fig. 6(c)]. As a result, the energy is
minimized when ¢ = 1°. Therefore, the most stable direction
of the magnetic moment is a direction that is deviated by 1°
from the [100] axis. This asymmetry is due to the asymmetry
of the crystal structure of AFD phase SrTiO;. The direction of
displacement is opposite to the rotational direction of AFD
displacement. From above, the magnetic moment induced
by the excess-electron polaron is observed to have crystal
magnetic anisotropy, and the magnetic moment is deviated
from the [100] axis by 1° in the direction opposite to the
rotational direction of the AFD displacement [Fig. 6(d)].

E. Possible magnetoelectric control of toroidal
moment of polarons

In general, materials that simultaneously exhibit two dif-
ferent ferroic order parameters, such as ferromagnetism and
ferroelectricity, are called as multiferroics [37,38]. As shown
above, the excess-electron polaron simultaneously shows two
ferroic properties, ferrotoroidity and magnetism. Further, the
appearance region of that ferrotoroidity is approximately one
unit lattice around the polaron formation site, and magnetism
is localized to one Ti atom. Therefore, the excess-electron
polaron in AFD SrTiO3 can be regarded as an atomic-scale
multiferroic or a “multiferroic polaron,” a class of functional
polaron family such as spin (magnetic) polarons and piezopo-
larons [35]. In general, the polarization and magnetic moment
in multiferroics do not exist independently, and besides the
magnetic moment, the polarization also responds to an ex-
ternal magnetic field, and the polarization and the magnetic
moment respond to the external electric field [Magnetoelectric
(ME) effect]. In the following passage, we briefly discuss the
possibility of reverse control of the toroidal moment using the
ME effect, if it exists.

Figure 7 schematically shows the combination of the
toroidal moment and the direction of the magnetic moment
when the excess-electron polaron is formed in the AFD phase
SrTiO3. Since there are two directions of rotation of AFD
displacement, the orbital occupied by the polaron, and the
direction of the most stable magnetic moment, there are eight
possible states in total. Let us consider an example by apply-
ing a uniform external magnetic field to the state of Fig. 7(a).
At this time, it is energetically stable that the direction of
the magnetic moment is directed towards the direction of
the external magnetic field. Since the excess-electron polaron
can easily move to the adjacent site, the polaron hops to it
due to the external magnetic field and transitions to another
state where the direction of the magnetic moment, which
becomes energetically stable, can be realized. Therefore, if
the direction of the external magnetic field is the same as that
of the magnetic moment in the state of Fig. 7(g), the state
changes from Fig. 7(a) to 7(g), and the direction of the toroidal
moment is reversed. There is a possibility that the inversion of
the toroidal moment can be controlled by the uniform external
magnetic field. Currently, since the polarization responds to
the static magnetic field, the excess-electron polaron has an
ME effect. The toroidal moment can be reversed via this ME
effect. Here, the inversion control of the conventional toroidal
moment has been proposed theoretically based on the curled

. 5 ® ®

Polaron G[001] G[001]

magnetic ’,” ¥
moment - (@) - % ( s’
:,' “I
) ' '
v1010] f t
x[100] /
©&— =\ k

2[001] N =

\ (f by,
H
= Magnetic

=
ficld \ DG ‘

(e

%

,"’ —
@
3 -

(h)

l@

FIG. 7. Schematic illustration of the possible magnetic mo-
ment directions of the polaron with positive and negative toroidal
moments.

(vortex) electric field formed by the time-varying magnetic
field derived from the Maxwell equation V x E = —0B/dt
(E, B, and t are the electric field, the magnetic field, and the
time, respectively) [10,39], but is considered to be difficult
to apply. Therefore, the inversion of the toroidal moment by
the ME effect described in this section is different from the
conventional method in that it can be realized by a uniform
magnetic field. From the above, it is possible that the ferro-
toroidicity induced by the excess-electron polaron in the AFD
phase SrTiO3 can be controlled with a uniform magnetic field
unlike in the past due to the ME effect of the excess-electron
polaron as multiferroics. Note that, a more quantitative aspect
on how large magnetic field is required to switch the magnetic
moment and polarization of the excess-electron polaron will
be discussed in a future work.

It is also interesting to discuss what happens when many
excess electrons are introduced into the system (i.e., high
carrier densities). In case of the excess electrons, the bipolaron
state was not obtained while the two isolated polarons was
obtained instead. Different from the hole polaron, which
forms a bipolaronlike state [33], the excess electron is unlikely
to form the bipolaronic state. This suggests that, at high
carrier densities, the ferrotoroidic polarons are kept isolated
and repulsively interact each other, and thus such a system
is expected to exhibit a unique phase consisting of many
ferrotoroidic ordered particles. The detailed study on many-
polaron system remains as a future work.
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Our theoretical work thus provides a possible ferrotoroidic
particle and ferrotoroidic lattice system via the formation and
hopping of excess-electron polarons. Experimental verifica-
tion is also required for a next step. For example, Setvin et al.
achieved the direct observation of excess-electron polarons in
TiO, by a scanning tunneling microscopy (STM) [14]. They
experimentally addressed each polaron location and its time
evolution (i.e., dynamics of polarons) and showed that the ob-
served polaron behavior is consistent with theoretical results.
Using such advanced STM techniques, which can identify
the polaron location and apply magnetic field, the magnetic
field-driven ferrotoroidic switching via the polaron hopping
predicted in this work may be experimentally addressed.

IV. CONCLUSION

Using first-principles density-functional theory calcula-
tions, we proposed a strategy to overcome existing limitations
and design atomically small ferroelectrics with topological

polarization vortices by engineering excess-electron polarons
in this paper. Our first-principles calculations established that
the excess-electron polaron formed in AFD SrTiO3 induced
localized ferroelectric polarization with a topological vortex
form due to local symmetry breaking, and demonstrated the
possibility of an atomic scale “ferrotoroidic” material. We
further showed that the electron polaron carried a magnetic
moment coupled with ferrotoroidicity, i.e., the magnetoelec-
tric effect. We also discussed a possible way to switch
the toroidal moment via the magnetoelectric effect. Our re-
sults, thus, reveal an approach to ultimate miniaturization
of ferrotoroic materials and a class of functional polaron
families.
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