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The quest for multiferroics with coexisting ferroic orders, such as ferroelectricity and (anti-)ferromagnetism, in
a single phase continues to arouse interest by the promise of novel functions and technological device paradigms.
However, the mutually exclusive mechanism of ferroelectricity and magnetism has limited the discovery and
understanding of novel multiferroic materials. Here we demonstrate using the hybrid functional of Hartree-Fock
and density-functional theories that an unusual interaction between oxygen vacancies and misfit (epitaxial)
strains brings about local magnetic moments with different orders coexisting with the host ferroelectricity of
nonmagnetic (NM) PbTiO; due to orbital symmetry breaking of the defect electronic states. The emerging
magnetic spin moment exhibits rich local order transitions in response to switching the spontaneous polarization,
i.e., magnetoelectric coupling. Individual oxygen vacancies therefore act as a source of ferroic-order parameters.
The multiferroic and magnetoelectric properties exploited by engineering defects and strains provide an alternative
route for multiferroics and will open a new avenue for multifunctional oxides that exhibit magnetism coexisting

with host functionalities.
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I. INTRODUCTION

In recent years, multiferroic materials with coexisting
magnetic and ferroelectric ordering in the same phase have
attracted considerable attention owing to their new physical
properties and potential applications [1,2]. The strong cross
coupling between the ferroelectric and ferromagnetic orders
in multiferroic materials, i.e., the magnetoelectric (ME) effect,
allows the magnetic field manipulation of ferroelectric or,
conversely, electric field control of magnetic properties,
which holds promise for advanced technological devices,
such as magnetoelectric sensors, multiple-state memories,
and multifunctional photonic devices [3-5]. Considerable
efforts have been devoted to fabricating multiferroic materials,
including single-phase materials [6,7] and multiphase compos-
ites combining ferroelectric and ferromagnetic phases [8,9].
Nevertheless, the understanding and discovery of new high-
performance multiferroics remain limited. Perovskite-based
ferroelectric materials are excellent candidates for potential
multiferroic materials because of their excellent piezoelectric
response and particularly large spontaneous polarization.
However, such traditional ferroelectric materials, including
PbTiO; and BaTiOs3, are intrinsically nonmagnetic because the
d° electronic configuration of the transition metal Ti*" ions in
these ferroelectric materials clearly contradicts a requirement
of magnetism, namely, the partial occupation of d states [10].

Oxygen vacancies, one of the most abundant types of
defects in oxide materials, are inherently present in ferro-
electric oxide thin films during their synthesis and deposition
processes [11]. The presence of these vacancies not only
gives rise to a partial loss of short-range interactions, but
also breaks the balance of long-range Coulombic interactions
when positively or negatively charged. Thus, ferroelectricity,
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which originates from a delicate balance between long-range
Coulombic interactions and short-range repulsive interactions,
can be strongly affected by oxygen vacancies. Moreover,
oxygen vacancies can bring about an intriguingly rich variety
of additional phenomena and functionalities that perfect host
materials do not possess, such as n-type conductivity [12],
unexpected dielectric response around room temperature [13],
etc. However, oxygen vacancies have nothing to do with
the desired multiferroics because of the spin unpolarized
nature of the defect states, as verified by the hybrid Hartree-
Fock density functional [14]. Therefore, an alternative design
concept and route for multiferroic materials with nonmagnetic
ferroelectrics is necessary, rather than merely the introduction
of vacancies. On the other hand, ferroelectric thin films are
normally fabricated by epitaxial growth on thick substrates,
unavoidably resulting in tensile or compressive strains. Epi-
taxial strain plays an important role in tuning ferroelectric,
magnetoelectric, and other properties [15-18]. Generally,
strain and defects are intrinsically coupled: vacancies can
induce local perturbation of the lattice and generate tensile
and compressive stresses, while strains can tune the vacancy
configuration and formation energy [19,20]. With these two
key ingredients of the modification of material properties in-
tertwined and indispensable in ferroelectric oxide perovskite,
a sound fundamental understanding of their interaction and
driven properties would be crucial for materials design and
of scientific interest. Particularly, the (110) misfit strain is
fundamentally different from the common (001) strain, which
makes it possible to break lattice symmetry and hence obtain
new crystal phases and novel functionalities that are not
available in the case of the (001) strain [21,22].

In this study we present a path toward the realization
of multiferroic properties in oxygen-deficient epitaxial (110)
ferroelectrics based on the convincing hybrid Hartree-Fock
density-functional theories. The PbTiO3; phase diagram is
obtained as a function of the (110) epitaxial strain. Impor-
tantly, it is successfully determined that oxygen vacancies in
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combinations with the (110)-oriented misfit strain give rise
to local magnetic moments with different orders, depending
on the symmetry breaking of the vacancies. The origin of the
moments and the physics behind their appearance are revealed
from the electronic structures. Furthermore, we suggest the
existence of a nonlinear magnetoelectric (ME) effect through
the switching of the ferroelectric polarization.

II. COMPUTATIONAL DETAILS

A. Simulation method

First-principles calculations based on density-functional
theory (DFT) are performed with the VASP program code
[23,24], using the projector-augmented wave potentials [25]
that explicitly treat the Pb 5d, 6s, and 6 p, the Ti 3s, 3p, 3d, and
4s, and the O 2s and 2p electrons as valence states. A plane-
wave basis set with an energy cutoff of 500 eV is chosen for the
electronic wave function. 2 x 2 x 2 Monkhorst-Pack k-point
mesh [26] is used for Brillouin zone (BZ) integrations. The
effect of spin polarization is included in all calculations. The
Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional
[27,28] is employed as the exchange, which incorporates 25%
of the exact exchange from Hartree-Fock theory and 75%
exchange from the Perdew-Burke-Ernzerhof functional (PBE)
[29] of the generalized gradient approximation (GGA), as

suggested by Heyd et al. [27]. A screen parameter of 0.2 A
is used for the semilocal exchange as well as for the screened
nonlocal exchange. The commonly used local or semilocal
approximations of DFT, such as local density approximation
(LDA) or GGA yield significantly underestimated band gaps
[30,31], which can pose serious problems in the description of
energy, defect electronic structures, and other defect-related
properties. The severe underestimation of the band gaps leads,
for instance, to the incorrect capture of the defect state in the
vicinity of the conduction band minimum (CBM) rather than
within the band gap, which cannot reflect the true physics of
the defect state. The HSEO6 hybrid functional, on the other
hand, has been tested for various wide-band-gap oxides and
proved to be rationale and essential for the reproduction of
not only the lattice constant and elastic properties but also
band gaps with extremely high accuracy for various insulators
and semiconductors [14,32]. The tetragonal lattice constant
obtained from the HSEO6 hybrid functional used for bulk
ferroelectric PbTiO; is a = 3.86A (c/a = 1.071) and the
band gap is Ey,p, = 3.4eV. Both of these values are in fairly
good agreement with experimental data of a = 3.88A, ¢/a =
1.071, and Egzyp = 3.4€V, respectively [33,34], indicating the
viability and effectiveness of the functional in describing the
structural and electronic properties of the oxygen vacancy in
the perovskite ferroelectric oxide PbTiOs.

B. Simulation models and procedure

Figure 1(a) illustrates the simulation supercell constructed
from the prototype unite cell with the spontaneous polarization
along [100]. The x, y, and z axes in the Cartesian setting
are along [110], [001], and [110] directions, respectively.
The supercell contains 120 atoms and the dimensions in the

x, y, and z directions are 2+/2agp, 3dsw, and 2+/a® + 2,
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FIG. 1. (Color online) Simulation model for O1, O2, and O3
vacancies in (110) epitaxial PbTiOs. (a) The simulation supercell
model for (110) epitaxial PbTiO; used in the present study. The
supercell contains 120 atoms. The green plane shows the epitaxial
(110) plane subjected to misfit strain. (b) Three different kinds of
oxygen vacancies in the model, Voi, Vs, and Vog;.

respectively, where ay, is the cubic lattice parameter of the
(110) substrate, and a and c are the lattice constants of
tetragonal PbTiO; obtained from the HSEO6 hybrid functional.
To study the effect of (110) epitaxial strain, we use the
bulk supercell with the periodic boundary condition under
(110) pseudoepitaxy, which does not include the effect of
(110) surface that is considered in a previous study [35].
The epitaxial constraint from (110)-oriented cubic substrates
with different lattice parameters (ag) is treated implicitly
by constraining the in-plane vectors of the supercell. The
lowest energy structure of the supercell with a substrate lattice
parameter as,, = d, is set as the zero misfit strain state under
such (110) pseudoepitaxy condition. Hence, the misfit strain
is defined as € = (aqwp — a.)/a, and a range of in-plane misfit
strains from —4% to +4% are considered in the following.
During the calculations, the two in-plane vectors are kept fixed
to simulate the (110) pseudoepitaxy, while the out-of-plane
vector and internal atomic positions are fully relaxed until the
maximum Hellmann-Feynman forces are less than 0.01 eV /A.

An oxygen vacancy inside PbTiOj; films, denoted as V(i =
01,02,03), is simulated by removing the corresponding
oxygen atom from the calculated supercell and then relaxing
the atomic positions at each epitaxial condition. Owing to
the symmetry breaking of the supercell under epitaxial (110)
strain, there are three kinds of inequivalent oxygen vacancies
in the model that are located in the nonpolar [001] and [010]
directions (Vo1, Vo3), and the polar [100] direction (Vo)
relative to the Ti atom, respectively [see Fig. 1(b)]. Note that
O1 and O3 are also nonequivalent with Ti-O-Ti chains lying in
and out of the strained (110) plane, respectively. Therefore,
Ti-O1-Ti chains and Ti-O3-Ti chains suffer from different
strain fields and can lead to different atomic displacement.
Specifically, as the increasing of compressive misfit strains,
the polarization in [010] will gradually increase due to the
lattice elongation in this direction and O3 atoms will move
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along this direction, while the in-plane polarization remains
zero and the central symmetry of Ti-O1-Ti bonds are retained.
These differences are closely related to the magnetic properties
of oxygen vacancies, as will be discussed later.

III. RESULTS
A. Crystal phase stabilities under different misfit strains

For the present range of epitaxial strains, the epitaxial
(110) PbTiO3 exhibits three types of low-symmetry ferro-
electric phases according to their geometrical character (c,
B, and y), viz., the monoclinic Mc(Pm; B =y = 90°,«a #
90°), orthorhombic O(Amm?2;8 =y = o =90°), and tri-
clinic Tri(P1; B # a # y = 90°) phases. Here y denotes the
angle between two in-plane cell vectors, which is always fixed
to be 90° due to the epitaxial constraint, and o and 8 are the
angles between the out-plane cell vector and two in-plane cell
vectors, respectively, as illustrated in Fig. 2. To determine
the strain dependence of the equilibrium crystal structure,
total energy optimization of the epitaxial (110) structure in
these three crystal phases with various lattice parameter agyy,
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FIG. 2. (Color online) Crystal phase diagrams and the corre-
sponding spontaneous polarization in epitaxial (110) PbTiOs. The
red and blue dotted lines indicate the Mc-O and Mc-Tri phase
transitions, respectively. The dotted line structure on the top of
the figure denotes the lowest energy structure. The P, P,, and P,
correspond to polarization along [110], [001], and [110] directions,
respectively.
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are performed separately. The total energy and spontaneous
polarization as a function of misfit strain ¢ is calculated as
shown in Fig. 2. The polarization is calculated by the modern
theory of polarization based on the Berry phase theory. The
lowest energy structure is the M¢ phase, characterized by a
combined polarization along the x and z directions (roughly the
[100] direction) at zero misfit strain (ag,, = 3.94 A). It should
be pointed out that the pseudoepitaxy of the PbTiO3 on such an
optimal (110) substrate, which is defined as zero-strain state, is
actually under nonzero stress state and different from the “free-
standing” unstrained system. With increasing tensile strain, the
total energy of the M¢ phase increases, triggering a transition
to the triclinic phase at a critical misfit strain of 0.5%. In this
phase, a polarization component appears along the y direction,
and the direction turns to nearly 501] at this critical point.
Then, the total energy increases with increasing tensile strain.
At the same time, the in-plane polarization component (x and y
directions) tends to increase as well, whereas the out-of-plane
polarization component (z direction) decreases, indicating that
the polarization gradually rotates to [111], as shown in Fig. 2.
The total energy of the M phase also increases with increasing
compressive strain, and the polarization gradually rotates from
[100] to [110] as its component along the z direction increases
while that along the x direction decreases. This trend continues
until the compressive strain exceeds 1.8%, at which point the
M phase becomes metastable, in favor of the O phase with its
polarization lying along the purely out-of-plane [110] direction
(M¢-O phase transition). In the following study we focus on
the phases that have the lowest total energy for each in-plane
strain.

B. Magnetic moments and defect electronic structures

The magnetic properties of three oxygen vacancies in epi-
taxial (110) PbTiO; are calculated (see Fig. S1 in Supplemental
Material Ref. [36]). All the magnetic phases have a magnetic
moment of 2.0up which is insensitive to the magnitude of
strain. For the strain-free state of M¢ phase, no spin moment
is observed in any of the three types of oxygen vacancies, in
agreement with the previous results of hybrid function studies
on oxygen vacancies in strain-free ferroelectric oxides [14]. On
the other hand, when the misfit strain is larger than 1.5% (as
in the triclinic phase), magnetic moment emerges in Vopi. As
seen in Fig. 3(a), the emerged magnetic moment is positive and
mainly concentrated around the neighboring Ti atom located in
the [001] direction with respect to the Vo, site. To shed further
light on the origin of this magnetic moment in oxygen-deficient
epitaxial (110) PbTiOs, the electronic density of states (DOS)
of Vo, are analyzed comprehensively. In fairly good agreement
with previous studies [14], for Vg, in the strain-free thin film
[see Figs. S2(a) and S2(b) in Supplemental Material Ref. [36]],
the defect state is fully occupied by an up and down spin
within the band gap, thus resulting in the nonmagnetic (NM)
character of Vg;. The spatial distribution of squared wave
function |/, |? of the defect state, which is evaluated by using
the energy range of the defect state in DOS, reveals that the
defect state is a d,2 orbital localized around the two adjacent
Ti atoms. By contrast, for the Vg, in the triclinic phase at
& = 3.0% [see Fig. 3(b)], we can find two distinct localized
in-gap defect states, which are located at levels of 1.44 and 1.85

104106-3



XU, SHIMADA, ARAKI, WANG, AND KITAMURA

(@

~
o
~

VOI (8 = 30%)

VBM  1.44ev185ev CBM

S 50

2 | :defect i [
Q | states H

z 2 N

z A m o fo 1

s s

s i :

R7) 1 1

g o WM ¢ !
AT 0 1 2 3 4 5

Energy (eV)

[100]

~
g}
~

= — T —¥ - b
Lower defect state: d.- Higher defect state: d,,

FIG. 3. (Color online) Spatial magnetization density distribution
and defect electronic structures of Vo;. (a) Spatial magnetic spin-
density distribution around Vo, in the triclinic phase. (b) Electronic
density of states (DOS) of magnetic Vo;. Red and blue indicate
the majority and minority spin states, respectively. (c) Squared wave
functions of defect states in the triclinic phase. The original d,> defect
state break into lower-level d> and higher-level d,, states in this
phase. The orange and light blue iso-surfaces are the majority and

minority spin densities of 0.015 Afs, respectively.

eV above the valence band maximum (VBM), respectively.
Interestingly, both of these defect states are now partially
occupied by a spin-up electron, and thus are spin polarized.
This spin polarization of the defect states is responsible for
the local magnetic moment that emerges in Vg, . Inspection of
the shapes of the squared wave functions in Fig. 3(c) reveals
that the lower defect state is localized at the adjacent Ti atom
possessing a d,» orbital character, which is identical to that of
the Vo in the strain-free state, while the higher defect state is
dominated by a new distinctive d_, orbital. The appearance of
this new d, defect state leads to splitting of the original fully
occupied state into two partially occupied states. This crucial
d;,-dominated defect state may arise from the symmetry
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breaking of the triclinic phase through (110) tensile epitaxial
strain: In the strain-free M phase, the crystal structure
nearly close to tetragonal P4mm symmetry with spontaneous
polarization along the [100] direction. The application of a
tensile misfit strain breaks the mirror symmetry in the [001]
and [010] directions as the polar axis gradually rotates toward
these two directions, resulting in two nonequivalent Ti atoms
adjacent to the vacancy. Thus, the crystal phase transition to
a lower symmetry breaks the orbital symmetry of the initial
d,2-dominant defect state, and at the same time, induces the
additional d,,-dominant state.

As in the case of Vg;, a nonzero spin moment is also
observed for the Vg, configuration in the tensile-strained
structure [see Fig. 4(a)], whereas the critical point for the
emergence of magnetic moment is located at a strain of
0.5%, where the Mc-Tri phase transition occurs. Moreover,
a nonzero spin moment is also found when Vg, forms in the
O phase under compressive strains larger than 1.8%, where no
magnetic moment is observed in the former, Vg, case. Such
spin moment observed in Vo, under misfit strains can be traced
to a similar origin.Vg, without misfit strain does not induce
splitting of the up-spin and down-spin defect states either,
with two electrons occupied in the defect state. This defect
state exhibits a localized feature in the vicinity of Vg, and the
neighboring Ti atom, characterized by a d,2_,- orbital, as seen
in Figs. S2(c) and S2(d) in Supplemental Material Ref. [36]. In
contrast, we observe orbital symmetry breaking of the defect
electronic structures of Vg, in both the O and Tri phases.
For Vo in the triclinic phase, a new occupied localized state
is created owing to the symmetry breaking along the [001]
direction. Besides, we find that the defect states, normally
localized between Vg, and the neighboring Ti atom in the
strain-free state, also readily break into two distinct orbital
states in the O phase as illustrated in Figs. 4(b) and 4(c). The
lower-level state is identical to the original d>_,>-dominant
state, while the higher defect state is contributed by d, . Clearly
the crystal symmetry breaking and the splitting of the d,>_»
orbit is responsible for the appearance of the new d,, state.

As for the presence of V3, a similar situation is observed:
a nonzero a spin moment is associated with the nonequivalent
oxygen vacancy (Vp3) in the O phase, as well as in the
triclinic phase when the misfit strain is larger than 3.0%. In
the O case, magnetism is particularly distributed around the
Ti atom adjacent to the O3 vacancy, similarly to the Vg;- and
Vop-induced spin moment. Strikingly, in the triclinic phase,
the emerging spin moments with a positive or negative value
are localized at two neighboring Ti atoms along the [010]
direction [see Fig. 5(a)], leading to no net magnetic moment in
the system. These results indicate that the interplay of oxygen
vacancies and strain in the (110) epitaxial thin film can in
fact bring about finite or locally canceled moments in PbTiO3,
depending on the V; configuration. The nature of the locally
canceled moments in Vg3 is also present in the electronic
defect states shown in Figs. 5(b) and 5(c). As in the case
of the other oxygen vacancies, Vg3-induced spin-unpolarized
impurity levels are symmetrically occupied by two electrons in
the absence of a misfit strain. These impurity levels are formed
from the dangling d,>_,2-dominant orbital of two adjacent Ti
atoms coordinating the vacancy site [see Figs. S2(e) and S2(f)
in Supplemental Material Ref. [36]]. In contrast, Vo3 in the O
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FIG. 4. (Color online) Spatial magnetization density distribution
and defect electronic structures of Vop,. (a) Spatial magnetic spin-
density distribution around V¢, in the triclinic and orthorhombic
phases, respectively. (b) Electronic density of states (DOS) of
magnetic Vo, in the orthorhombic phase. Red and blue indicate the
majority and minority spin states, respectively. (c) Squared wave
functions of the defect states in the orthorhombic phase. The original
d,>_,» defect state break into lower-level d,2_,> and higher-level d,,
states in this phase. The orange and light blue iso-surfaces are the

majority and minority spin densities of 0.015 10\73, respectively.

phase has in-gap states with two mixed ||, mainly localized
at the nearest Ti atom. The origin of the orbital splitting
and the induced spin moment is similar to the symmetry
breaking of Vo, in the O phase under compressive strain,
so we will not go into it in detail here. However, we note that
the electronic features of the defect are totally different in the
triclinic phase under tensile misfit strain, where two defect
states appear at slightly distinct energy levels of 1.52 and
1.62 eV above VBM, respectively, as illustrated in Fig. 5(b).
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FIG. 5. (Color online) Spatial magnetization density distribution
and defect electronic structures of Vops. (a) Spatial magnetic spin-
density distribution around Vg, in the triclinic and orthorhombic
phases, respectively. (b) Electronic density of states (DOS) of
magnetic Vo3 in the triclinic phase. Red and blue indicate the majority
and minority spin states, respectively. (c) The squared wave functions
of the defect states in the orthorhombic phase. The original d,2_,»
defect state break into up-spin d,, and down-spin d,, states. The
orange and light blue iso-surfaces are the majority and minority spin

densities of 0.015 Afz, respectively.

These two electronic-occupied states, mainly formed by d.,
states, have different spin directions: the lower defect state is
up-spin, localized at the adjacent Ti atom, while the higher
one is down-spin, localized at the other adjacent Ti atom
[see Fig. 5(c)]. Upon comparing these two defect states with
their strain-free counterpart, which is distributed purely along
the [010] direction, it is natural to conclude that the split
of the defect states may also be attributed to the [001] and
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[010] symmetry break, as in the case of Vo, in the triclinic
phase. It should be noted that this locally canceled moments
may arise from the spin superexchange through indirect d-d
hopping between the two equivalent Ti** ions paired by Vg3,
as reported for oxygen vacancies in TiO, [37].

To assess the magnetic coupling between these moments,
further calculations with two defects in the supercell are
performed. We first consider two nearest-neighbor Ol va-

cancies separated by a distance of about 4.02 A. The energy
difference between the ferromagnetic and antiferromagnetic
phases (interaction energy) is calculated to be 30 meV,
indicating the stabilization of antiferromagnetic phase. We
further increase the distance between the vacancies to about
7.01A and the antiferromagnetic phase is also found to
be the ground state with its energy 10 meV lower than
that of the ferromagnetic phase. Other interaction of the
emerging local magnetic moments with different distances
and strain states also turn out to be antiferromagnetic state
according to calculations. Therefore, the coupling of the local
magnetic moments in such a defect-strain system will induce
a substantially long-range antiferromagnetic order.

C. Multiferroic phase transition and magnetoelectric coupling

We further demonstrate the (multi-)ferroic ground state and
the marked influence of electric polarization on magnetism
driven by oxygen vacancies, which are intrinsically and tightly
coupled to each other. The misfit ferroic phase diagram of
epitaxial (110) PbTiO; is shown in Fig. 6(a). The system
remains purely ferroelectric (FE) without magnetism at zero
misfit strain, owing to the unpolarized nature of all the oxygen
vacancies. On the other hand, when the misfit strain increases
to 0.5% or decreases to —1.8% magnetism turns to appear in
the intrinsically ferroelectric phase, indicating the occurrence
of a multiferroic phase transition under these misfit strains.
Furthermore, the ME effect is evident: The initial [100]
polarization can switch to the [010] direction by means of the
applied electric field, leading to nonequivalent oxygen vacancy
configurations, hence, the emergence of different magnetic
characteristics. Figure 6(b) shows the magnetic phases of Vo,
in the triclinic crystal phase (¢ = 3.0%) after switching of
the polar axis and in the initial [100] polarization structure.
Through this polarization switching, Vo, undergoes a rapid
change of magnetic order (finite moment to locally canceled
moments), which leads to the ME effect in epitaxial (110)
PbTiO3. The above results are observed because the Vg, in
the [010] polarization state (after switching) is symmetrically
identical to the Vg3 in the initial [100] polarization system
(before switching), which causes the Vg;- and Vg3-induced
magnetic properties to interchange. Similarly, we can also get
aphase transition of local magnetism to nonmagnetism and the
resulting ME effect in the O phase through further polarization
switching. When oxygen vacancies change their positions with
the electric field, the ME coupling may be enhanced. For
instance, when Vg, migrates to the Vo site at ¢ = —4.0% by
electric field, the magnetic moment emerges by this migration.
However, the overall strength is not so much affected by
such migration since decrease or enhancement of the ME
coupling are both likely to occur based on different conditions.
We should also remark that the oxygen vacancies only induce
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FIG. 6. (Color online) Multiferroic and magnetoelectric cou-
pling in epitaxial (110) PbTiO;. (a) Misfit ferroic phase diagram. Here
FM denotes local magnetic order and AFM stands for magnetic mo-
ment in local antiferromagnetic arrangement. The lattice parameters
for some candidate substrates, viz., LaAlO; (LAO), NdGaO; (NGO),
S1TiO; (STO), DyScO3 (DSO), GdScO; (GSO), NdScO; (NSO), and
LaScO; (LSO), are also shown. (b) Magnetic phase transition of Vo,
and Vo3 via polarization switching in the triclinic phase.

slight ferroelectric disturbance locally and do not suppress the
original ferroelectric at all according to our calculations, hence
the expected magnetoelectric effect is attainable. Therefore,
tuning of the unusual interaction between oxygen vacancies
and mechanical strains with the appropriate choice of substrate
provides an appealing route to realizing multiferroic transition
and the magnetoelectric effect for conventional ferroelectrics.

IV. DISCUSSION

On the basis of the above results, here we suggest a new
strategy for the synthesis of multiferroics by engineering
the unusual defect-strain interaction. For perovskite oxides
thin films, strains of several percent are common [38,39].
The epitaxial (110) PbTiOs considered here (from —4% to
4%) is experimentally feasible by commonly used practical
substrates, such as LaAlO3;, NdGaOs, SrTiOs5, NdScOs, and
LaScO; [16,40], and can completely sustain such a strain
[41,42]. Note that the type and concentration of vacancies
strongly depend on growth condition of materials: oxygen
vacancies are prevailing and cation vacancies are hard to form
under oxygen-poor condition, while Pb and Ti vacancies are
likely to be formed under oxygen-rich conditions [14,43].
As a result, the formation of isolated oxygen vacancies,
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rather than compensated by cation vacancies, in perovskite
oxides is entirely favorable under oxygen-poor conditions,
as has been widely confirmed by both direct experimental
observation and theoretical studies [44,45]. Therefore, the
situation presented here is experimentally feasible and thus
realistic. In addition, the mobility of the oxygen vacancies can
provide means of manipulation of MF and ME properties in
terms of their concentration and distribution [46-50]. Thus,
it becomes possible to spatially modulate the multiferroic
order parameter through oxygen vacancy engineering, which
leads to functional vacancies and even to a certain degree
of control over the location, size, and distribution of oxygen
vacancies [46,47]. The ability to manipulate the migration
and diffusion of oxygen vacancies with an external electric
field [48] or through other factors [49,50] also enables
the multiferroic element to have a dynamic response. Such
controllable variation of the multiferroic element is of interest
from the viewpoint of potential application in future novel
multiferroic memory devices.

Very recently it has been reported that dilute (anti-)
ferromagnetism emerges in nanocrystals of ferroelectric
PbTiO;, whereas the origin was different from the present
one, but was the grain boundaries coupled with oxygen
vacancies [51-53]. Despite their different origins, the key
for the unexpected ferromagnetism was also the defect states
distinct from those in the bulk counterpart, which therefore
support the present results for the similar mechanism. Thus,
in addition to vacancy-grain boundary interactions, vacancy-
strain interactions can also efficiently activate local magnetism
in nonmagnetic ferroelectric materials and may enhance MF
properties. We believe that the phenomena and mechanism we
proposed here will lead to future awareness of magnetism in
ferroelectrics and inspire further experimental study in this
field. The basic design concept here can be transferred to
other functional transition-metal oxides that are intrinsically
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nonmagnetic to induce magnetism, and has significant prac-
tical implications in the modification of material properties,
which are usually governed by an interplay of several elemen-
tary processes.

V. CONCLUSION

In summary, we demonstrate the emergence of magnetism
in oxygen-deficient (110) epitaxial ferroelectric lead titanate
thin films and elucidate the electronic-level origin mechanism
by performing hybrid Hartree-Fock density-functional calcu-
lations. The crystal phase transitions (Tri-M¢-O transitions)
are determined as a function of the misfit strain. There
is no magnetic spin polarization for oxygen vacancies in
the strain-free state, while finite misfit strains induce spin
moments with various magnetic configurations, depending on
the symmetry breaking at the oxygen vacancy and the epitaxial
strain conditions. The driven magnetic spin moment owes
to spin-polarized defect states caused by orbital symmetry
breaking due to crystal symmetry breaking through a misfit
strain. In addition, the local magnetic phase at the defect
can be electrically switched by reversing the polarization,
which suggests nonlinear magnetoelectric coupling between
magnetic and polarization orders. The present results provide
a path towards the realization of multiferroics in conventional
ferroelectrics, and will also provide significant insights into
novel and extra functionalities in oxides.
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