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Ferroic systems under considerable geometrical restrictions at nanoscale have successfully introduced novel
phases such as multiferroic and topological phases. However, ferroic orders completely disappear below the crit-
ical size limit of several nanometers and the geometry cannot be relied upon to produce a variety of phases. Here,
via first-principles calculations, we demonstrate that a rich variety of phases and their transitions can be realized
by dislocations in paraelectric SrTiO;. We show that atomic-scale ferroelectricity and (anti)ferromagnetism
are induced by the strain concentration and nonstoichiometry intrinsic to dislocations in SrTiOj;, resulting in
ferroelectric-(anti)ferromagnetic-multiferroic phase transitions depending on the core structure. Furthermore,
we also show that electrical polarization configurations strongly depend on the strain distribution around a
dislocation and topological phases can be realized without geometrical restrictions. The present result suggests
that the utilization of defects in a material is a powerful strategy to design ferroic orders below the critical size,
thereby expanding the application of ferroic nanostructures to the atomic scale.
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Ferroic phases and associated transitions have been sub-
jects of intensive research due to their fascinating physical
properties. In particular, integrating multiferroic phases [1-4]
in which ferroelectric and ferromagnetic orders coexist and
interact, has been one of the goals in materials science
today because their electromagnetic coupling stimulates tech-
nological innovations [5-8]. However, despite the extensive
quest for new multiferroics, few materials exhibit multifer-
roic phases because of the mutually exclusive mechanism of
ferroelectricity and ferromagnetism [9]. That is, an empty d
orbital drives ferroelectricity while a partially filled d state
is required for magnetism. To overcome this mechanism, re-
searchers have focused on the surface or interfacial geometries
of materials. In multiferroic composites that are composed
of ferroelectric and ferromagnetic materials, these orders are
coupled through deformation at the interface [10-12], and
even reversal of the magnetization by electric fields has been
achieved [13]. In addition, our knowledge of phase transi-
tions has been expanded by intense surface and interface
effects at nanoscale. Magnetism by excess electrons at the
surfaces of the ferroelectric nanostructures induces unusual
size-dependent ferroelectric-multiferroic-(anti)ferromagnetic
phase transitions [14]. Moreover, the strong depolariza-
tion fields at nanoscale generate unconventional topological
phases [15—-17] such as polarization vortices in ferroelec-
tric nanodots [18,19], producing a new class of multiferroics
with ferroelectricity and ferrotoroidicity [20-22]. Thus, the
design of phase transitions by material geometry has been
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undoubtedly successful. However, in the surging demand for
miniaturization to increase the speed and capacity of inte-
grated devices such as memories, it has been demonstrated
that the depolarization fields in nanoscale materials also desta-
bilize ferroic orders below the critical size [23-25], which
is 3-5 nm in ferroelectric nanodots [26]. Therefore, the ad-
ditional miniaturization of certain devices while retaining
desirable properties is physically challenging, also indicating
that the material geometry is no longer reliable to induce
novel phase transitions at such an extremely small scale. Thus,
an alternative strategy is needed for further scale down and
design of ferroic materials.

Dislocations, which are one-dimensional lattice defects,
are pervasive in materials and typically detrimental to material
properties and device functionality due to atomic disorder
[27-29]. However, these defects act as one-dimensional func-
tional elements in some cases because of the atomic-scale
mechanical and chemical properties [30-32]. As an example,
it is experimentally demonstrated that dislocations in insulat-
ing ceramics exhibit conductivity since the elastic field and
nonstoichiometry limited to a few lattices around dislocations
locally alter electronic properties, indicating that this defect is
an atomic-scale conductive channel embedded in the material
[33,34]. According to the progress in the ability to manipulate
dislocations in materials, a recent emerging concept of dis-
location engineering has expanded our knowledge of material
design, suggesting the possibility of fabricating extremely thin
ferroic phases and their transitions at the atomic scale.

Here, we demonstrate a rich variety of ferroic orders
under the critical size limit and their transitions can be
realized by dislocations in paraelectric SrTiOz. The first-
principles calculations reveal that the strain concentration
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caused by dislocations induces electrical polarization lim-
ited to a few lattices while the nonstoichiometry of the
atomic disorder brings highly localized spin moments, re-
sulting in the atomic-scale ferroelectric-(anti)ferromagnetic-
multiferroic phase transitions depending on the core structure.
Furthermore, we also show that the strong dependence of the
polarization configurations on the strain fields of dislocations
may generate atomic-scale topological phases. Our results
indicate a new strategy for the realization of a rich variety of
ferroic orders below the critical size limit, thereby expanding
the application of ferroic nanostructures into the atomic scale.

Single SrTiO; edge dislocations were simulated from
first-principles calculations within the density functional the-
ory using the VASP code [35-38]. The exchange-correlation
energy was treated by employing the generalized gradient ap-
proximation [39] corrected with the Perdew-Burke-Ernzerhof
revised for solids (PBEsol) [40]. Furthermore, to evaluate
localized electrons accurately, the energy was also corrected
with an on-site Hubbard correction U [41], applying values of
U =496 ¢V and J = 0.51 eV, respectively [42]. The dislo-
cations were studied via the periodic supercell approach using
the dipole model [43], as shown in Supplemental Material Fig.
S1. Since core-core interactions are canceled out in the dipole
model, single dislocations can be investigated even under pe-
riodic conditions. The dislocation distances were set to greater
than 20 A with the dimensions of the supercell along the three
cell vectors being 11a, 7a, and 2a, respectively. We carefully
checked that interactions between dislocations, including elas-
tic and electric interactions, are negligible by this model size.
Here, since the core region is no longer a simple unit cell, va-
cancies are formed to stabilize a dislocation. Both the Ti-rich
dislocation with O vacancies (Vo) and the Sr-rich dislocation
with Sr vacancies (Vs;) were considered by removing O and Sr
atoms, which are electrically neutral, based on experimental
observations and theoretical implications [44—46]. The sta-
bilities of these core structures have further been validated
by calculating the formation energy (Supplemental Material
Table S1). Full details of the computational methods are avail-
able in the Supplemental Material [47]). Moreover, the SrTiO3
screw dislocations were simulated in the same way as the edge
dislocations via the periodic supercell approach as shown in
Fig. S2. The dislocation distances were set to 20 A, with the
dimensions of the supercell along the three cell vectors being
10a, 7a, and 2a, respectively. O deficiencies were introduced
based on experimental observations [48,49]. The stabilities of
the core structure have further been validated by calculating
the formation energy (Supplemental Material Table S2).

The ferroelectric properties of the edge dislocations were
investigated by introducing a site-by-site local polarization
based on atomic displacements and the Born effective charges
[47,50]. The polarization distribution of the Sr-rich disloca-
tion shows that the polarization vectors point in the x direction
localized to a few lattices right under the core, with the max-
imum polarization being 1.36 C/m2 [Fig. 1(al)]. This has a
long-range order along with the dislocation and thus can be
regarded as ferroelectricity. The emergence of this localized
ferroelectricity is attributed to the tensile strain concentration
under the edge dislocation (Supplemental Material Fig. S3)
because SrTiO; undergoes the paraelectric-ferroelectric phase
transitions under tension [51-54]. This polarization should
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FIG. 1. Polarization and magnetic spin density distributions of
(a) Sr-rich and (b) Ti-rich edge dislocations in SrTiOs. In the po-
larization distribution, oxygen atoms are not shown for clarity and
the yellow arrows indicate polarization vectors. In the magnetic
distributions, the yellow and green areas indicate the isosurfaces of
spin densities of +-0.03 and —0.03 /A%, respectively.

be switched by external electric fields as well as usual fer-
roelectrics since polarization pointing in the right direction
[Fig. 1(al)] and the left direction [inversion of Fig. 1(al)] is
equivalent to the dislocation. On the other hand, the Ti-rich
dislocation exhibits no polarization [Fig. 1(bl)], indicating
the involvement of other mechanisms in the emergence of
ferroelectricity. Moreover, the Ti-rich dislocation in the in-
trinsically nonmagnetic SrTiO3; exhibits magnetic moments of
0.51up that are localized at the Ti atoms of dislocation core in
an antiferromagnetic (AFM) configuration [Fig. 1(b2)], while
no moment is observed in the Sr-rich dislocation [Fig. 1(a2)].
This emerging magnetism also cannot be attributed to the
elastic field of the edge dislocations.

To elucidate the underlying mechanism for the emergence
of the ferroelectricity and (anti)ferromagnetism, the elec-
tronic band structures were analyzed. Four distinct electronic
states are observed within the band gap (lower states) and
the conduction band (upper states) of the Ti-rich disloca-
tion core as shown in Fig. 2(a). Both states are occupied by
majority-spin and minority-spin electrons, whereas the upper
degenerate states possess metallic characteristics. These four
states are absent in a perfect SrTiOs crystal and are there-
fore characteristic of defect states that are introduced by the
dislocation structure. These spin-polarized excess electrons
originate from the nonstoichiometry of the dislocation core.
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FIG. 2. (a) Electronic band structure of Ti-rich dislocations. The
green line indicates the Fermi level. The blue and red lines indicate
the upper state band and lower state band, respectively. (b1) Local-
ized electron density distributions of the lower state band. The orange
and light-blue isosurfaces represent the up-spin and down-spin den-
sities of 0.03 A=3. (b2) Electron density distributions of the upper
state. The orange and light-blue isosurfaces represent the up-spin and
down-spin densities of 0.001 A3,

The atomic composition of the Ti-rich dislocation system is
composed of 110 Sr, 112 Ti, and 326 O atoms, which deviates
from the stoichiometric composition 1:1:3 of bulk SrTiOs;.
This nonstoichiometric composition results in a net charge
of 48 per dislocation based on the nominal ionic charges
of Sr**, Ti**, and O?~. The shape of the squared wave
functions indicates that the lower states that accommodate
the majority and minority spin electrons are ascribed to the
d-dominant orbitals that are separately localized at the Ti
atoms [Fig. 2(b1l) and Supplemental Material Fig. S4). These
localized and separated spin-polarized electrons induce the
antiferromagnetism around the core center. On the other hand,
ferroelectricity is suppressed by free carriers accommodated
in the upper states [Fig. 2(b2)] since these delocalized elec-
trons screen electrostatic interactions that are responsible for
electronic polarization. Thus, the Ti-rich dislocation exhibits
magnetism but not ferroelectricity. Here, dilute magnetism at
grain boundaries of nonmagnetic materials, which is likely to
derive from the same mechanism as this study, is measured
even at room temperature, indicating that magnetism around
the dislocation can be utilized for device applications [55]. In
the case of the Sr-rich dislocation, however, the whole valence
state that is determined to be O with the composition of 108
Sr, 110 Ti, and 328 O atoms inhibits the spin polarization and
screening, resulting in nonmagnetic but ferroelectricity. Thus,
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FIG. 3. (a) Polarization and (b) magnetic spin density distribu-
tions of screw dislocations in SrTiOs. In the polarization distribution,
the yellow arrows indicate polarization vectors. In the magnetic
distribution, the yellow and green areas indicate the isosurfaces of
spin densities of +-0.03 and —0.03 /A%, respectively.

we conclude that electrical polarization and spin moments do
not coexist around the edge dislocations.

In contrast, the ferroelectricity and magnetism effectively
coexist around the screw dislocation. The local polarization
comprises a mixture of the nonzero axial polarization compo-
nents and a vortex pattern, i.e., spiral polarization [Fig. 3(a)]
that is localized to a few lattices with the maximum polariza-
tion being 0.62 C/m? (Supplemental Material Fig. S5). The
shear strain concentration around the screw dislocation (Sup-
plemental Material Fig. S6) is responsible for the emergence
of this localized spiral pattern. Surprisingly, an antiferro-
magnetic spin configuration with local magnetic moments
of 0.80up is formed at the core region despite the mutual
exclusive mechanism of ferroelectricity and ferromagnetism,
resulting in multiferroicity at the atomic scale. We shed light
on the mechanism of the multiferroicity around the screw
dislocation from electronic-level insights. The screw disloca-
tion is composed of 100 Sr, 100 Ti, and 298 O atoms that
results in a net charge of +2 per dislocation. These excess
electrons induce the formation of a new state accommodating
the majority and minority spins within the band gap as shown
in Fig. 4(a). As in the Ti-rich edge dislocation, the antifer-
romagnetic ordering is ascribed to this new state in which
d-dominant orbitals are separately localized at the two Ti
atoms [Fig. 4(b) and Supplemental Material Fig. S7). Unlike
in the edge dislocation, however, there are no excess electrons
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(a) Energy band

FIG. 4. (a) Electronic band structures of screw dislocations. The
green line indicates the Fermi level. The red line indicates an excess
electron state. (b) Localized electron density distributions at the
excess electron state. The orange and light-blue isosurfaces represent
the up-spin and down-spin densities of 0.03 A, respectively.

that screen the electronic polarization. These result in the co-
existence of ferroelectricity and (anti)ferromagnetism around
the screw dislocation.

Depending on the core structure, the dislocations undergo
ferroelectric-(anti)ferromagnetic-multiferroic phase transi-
tions that are localized to a few lattices around the core. These
localized emerging ferroic properties are embedded within the
ambient paraelectric host and enable the dislocation structure
to act as an atomic-scale ferroelectric-(anti)ferromagnetic-
multiferroic channel below the critical size. Moreover, the
tensile strain around the edge dislocation generates a rectilin-
ear polarization configuration while the shear strain around
the screw dislocation induces a spiral configuration that is
accompanied by ferrotoroidicity. Since a state with unusual
symmetry breaking such as chirality by vortices is called
a topological phase, this indicates that the nontopological-
topological phase transitions, which have so far been driven
by geometrical restrictions, occur at the atomic scale due
to the variation in the dislocation core structures. Here, al-
though our targets in this study are simple dislocations with
electrically neutral vacancies, they can be more complicated
such as mixed dislocations or charged depending on exter-
nal conditions, which may bring more various polarization
configurations. Therefore, a rich variety of phases, includ-
ing multiferroic and topological phases, can be realized even
below the critical size limit and their transitions are tuned

by dislocation structures in SrTiO3. These results cannot be
achieved by conventional strategies using geometrical con-
straints and have significant technological implications. As
an example, a dislocation with ferroelectric orders may be
utilized as a memory bit. Since dislocations with a sufficiently
high density (up to 10'> cm~2) have been intentionally intro-
duced in experiments [30], the vast data density of Pbit/in>
can be realized by dislocations, clearly beyond the several
Tbit/in? limited by the critical ferroelectric size of 3-5 nm.
Furthermore, the additional degrees of freedom, i.e., fer-
romagnetic and ferrotoroidicity, permit us to increase the
number of states of dislocation and tune the response to the
external fields at the atomic scale, suggesting that the above
ultrahigh data density can be further increased and manipu-
lated by various fields.

On the other hand, our study indicates at the same time
that defects play a predominant role when ferroics reduce to
atomic-scale in size. This leads to engineering ferroics based
on intriguing properties of defects, which will surely further
expand the potential application. In other words, the same
as bulk and nanoferroics are different due to surface effects,
nano- and atomic ferroics may be different due to defects.
For example, polarization configurations can be engineered by
interactions with other vacancies and dislocations, which may
be impossible for larger ferroics. Moreover, different from
ordinal dislocations which hold inversion symmetry, ferroic
dislocations can represent 1 and 0 depending on the direction
of polarization. On the other hand, dislocations move by exter-
nal mechanical loads. These indicate that ferroic dislocations
function as information careers driven by mechanical loads,
suggesting a mechanically controlled circuit that can harvest
environmental vibration and thus is energy saving.

In summary, we have proposed a design strategy for
atomic-scale ferroics through the engineering of otherwise
detrimental dislocations in paraelectric SrTiO3. Our theoret-
ical predictions revealed that the strain concentration and
nonstoichiometry of the dislocations induce ferroelectric-
ity and (anti)ferromagnetism which are localized to a few
lattices around the core. These result in a ferroelectric Sr-
rich edge dislocation, a magnetic Ti-rich edge dislocation,
and a multiferroic screw dislocation. These dislocations are
atomically fine ferroic channels below the critical size en-
compassed by the peripheral paraelectric host. Moreover,
we have also demonstrated that electrical polarization con-
figurations are strongly dependent on the strain distribution
around the dislocations. This creates a rectilinear configura-
tion around the edge dislocation while a spiral configuration
around the screw dislocation. Therefore, the dislocations
undergo ferroelectric-(anti)ferromagnetic-multiferroic phase
transitions and nontopological-topological phase transitions
at the atomic scale based on the core structure. Thus, a rich
variety of ferroic phases exist even below the critical size limit
and they may be tuned by dislocation cores, extending appli-
cations of ferroic structures into an extremely small scale.

This work was supported by JSPS KAKENHI Grants No.
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