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The effects of oxygen vacancy (Vo) and epitaxial strain on the ferroelectric (FE) and antiferrodistortive
(AFD) properties of the [001]-oriented PbTiO;/SrTiO3 1/1 superlattice are comprehensively studied using
first-principles calculations. It is found that the oxygen vacancies form most easily when the superlattice in-plane
lattice constant is between those of single-crystal PbTiO; and SrTiOs. The polarization in the direction of
the Ti-Vo-Ti chain is remarkably reduced due to the Vp-induced local tail-to-tail polarization patterns, and
consequently, the V can pin the polarization to a certain direction. Moreover, the octahedral rotation or tilting
around the direction of the Ti-V-Ti chain is also suppressed while the rotations along the other two orthogonal
directions are enhanced. In both perfect and oxygen-deficient superlattices, the ferroelectric phase has lower
energy when the octahedra rotate around the polar axis. These results suggest a promising way to mediate the FE

and AFD properties in oxygen-deficient superlattices.
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I. INTRODUCTION

In recent years, ferroelectric-dielectric heterostructures
have been the focus of experimental and theoretical attentions
due to their polarization enhancement and other improved
properties over single-component thin film [1,2]. Experimen-
tal techniques, including pulsed-laser deposition and radio-
frequency magnetron sputtering, are well developed to grow
high-quality ultrashort period oxide superlattices on certain
substrates [3,4]. It is thus feasible to tailor the ferroelectric
and dielectric properties in these artificial structures via various
degrees of freedom, such as the composition ratio, substrate
strain, etc. Among all methods, the epitaxial strain-mediated
method realized by growing the superlattices on different
substrates is particularly effective because of the strong
coupling between polarization and strain.

In general, strain can induce changes in the in-plane
metal-oxygen bond lengths and/or rigid rotation of the
oxygen octahedra, resulting in the change of macroscopic
polarization [5], which plays a critical role in the mediation
of ferroelectricity. For BaTiO3/SrTiO3 superlattices, Neaton
and Rabe [6] pointed out that the combination of strain
effect and internal electric fields is responsible for the
enhanced ferroelectricity. Recently, in 1/1 period superlattices
of PbTiO3/SrTiO3 (PT/ST), Bousquet and co-workers showed
an unexpected ground state combining both ferroelectric (FE)
distortions and antiferrodistortive (AFD) rotations of the oxy-
gen octahedra [7]. They demonstrated a novel kind of improper
ferroelectricity, in which the octahedral rotations were the
primary order parameter to drive the phase transition. Further,
first-principles investigation indicated that the two distortions
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strongly couple in (PbTiO3),/(SrTiO3), superlattices when
the periodicity n < 3 [8]. By symmetry analysis, Rondinelli
and Fennie [9] proposed a design strategy that in layered
perovskite superlattices (ABOj3)1/(A’B’O3); composed of
nonpolar compounds, the octahedral rotations in the parent
single phases solely can introduce novel ferroelectricity.

On the other hand, oxygen vacancies are common but
particularly important point defects in perovskite oxides and
their heterostructures. It is known that in the growth of
perovskite oxide films, heterostructures, and superlattices, the
strain always exists, resulting in the nonstoichiometric accom-
modation of oxygen vacancies. Moreover, oxygen vacancy
is the origin of many intriguing phenomena, such as two-
dimensional electron gas at the interface of LaAlO3/SrTiO3
heterojunctions [10], ferromagnetism in strained epitaxial
LaCoO;5 [11], reduction in free-carrier densities [12], and
AFD-like oxygen octahedral rotation pattern in ST [13]. In
particular, oxygen vacancies could be a major contributor
to the fatigue and aging in conventional ferroelectrics PT
by introducing tail-to-tail polarizations [14]. But in the
multiferroic BiFeO;3, the ferroelectricity turns out to be
independent of strain or oxygen vacancies [15]. As to the
ferroelectric-dielectric superlattice, the effect of the oxygen
vacancies on the improper ferroelectricity remains elusive
due to the complexity of the system. Theoretical work on
the oxygen-deficient perovskite superlattices is highly desired
to provide guidance to the experiments and develop a new
freedom of ferroelectricity modulation, combining with the
strain. First-principles calculations, as a powerful theoretical
tool, are widely performed to predict novel properties in
the superlattices and explore the mechanism behind the
experimental observations [6—8,16-24].

In this work, using first-principles calculations, we inves-
tigate the ferroelectric and antiferrodistortive distortions in
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PT/ST 1/1 superlattice, a prototypical ferroelectric-dielectric
superlattice, with different kinds of oxygen vacancies (Vo)
under varied epitaxial strains. We find that when the strain
is compressive for the PT layer while tensile for ST layer,
the Vi formation energy is the lowest. Most kinds of Vg can
pin the polarization to a certain direction in the superlattice
by introducing tail-to-tail polarizations along the Ti-Vp-Ti
chain which can cancel the total polarization, just as Vg in
single-phase PT. Vg can also influence the oxygen octahedral
rotations. Particularly, the octahedral rotations or tilts around
the direction of the Ti-Vp-Ti chain are suppressed while those
around other directions are enhanced. However, the coupling
between the polarization and rotation (tilt) around the polar
axis is not changed by the presence of V.

This paper is organized as follows. First, we describe
the details of first-principles calculations as well as the
configuration of the superlattices in Sec. II. In Sec. III we
revisit the FE and AFD dependencies on epitaxial strain
in vacancy-free PT/ST superlattice and compare our results
with previous works. After that, in Sec. IV, we investigate
different kinds of oxygen vacancies in the most stable phase
of the superlattice, calculating the formation energies, electric
polarizations, and specific oxygen octahedral rotation and
tilt angles. Then we discuss the physical mechanism of
ferroelectric and antiferrodistortive distortions in Sec. V.
Lastly, we give a brief summary in Sec. VI.

II. METHODOLOGY

We perform first-principles calculations within density
functional theory (DFT) as implemented in the Vienna Ab initio
Simulation Package (VASP) [25]. The projector augmented
wave pseudopotentials [26] are employed within the local
density approximation (LDA) [27]. Ba 5s, 5 p and 6s electrons;
Sr 4s, 4p, and 5s electrons; Ti 3s, 3p, 3d, and 4s electrons;
and O 2s and 2p electrons are treated as valence electrons.
We expand electronic wave functions in plane waves using
an energy cutoff of 520 eV. The structural relaxations are
carried out with the conjugate gradient algorithm [28] until
the residual forces are less than 0.01 eV/A. The 7 x 7 x
5 Monkhorst-Pack k mesh is used for in-plane /2 x /2
enlarged supercells, while 3 x 3 x 3 Monkhorst-Pack k mesh
is for 2+/2 x 2+/2 supercells. The formation energies of
oxygen vacancies are calculated by using the formula Efo, =
Ev, + 1(0) — Epersect, Where 1(O) is half of the total energy
of an O, molecule, Eperfece and Ey, are the total energies of the
pristine superlattice and the superlattice with oxygen vacancy,
respectively. It is known that a neutral V returns two electrons
to d orbitals of Ti atoms. The spin-up and spin-down states,
however, are equally occupied, and no magnetization arises, as
demonstrated by our spin-polarized DFT calculations (shown
in Fig. S2 of the Supplemental Material [29]). This reveals that
the d electrons can be treated normally within the conventional
LDA framework. Actually, it is a common way to deal with
oxygen-deficient single-phase SrTiOz or PbTiO3 [30-32].

The total polarization of the perfect superlattice can be
calculated either with the Berry phase method [33] or the
method proposed by Meyer and Vanderbilt [34]. With the latter
method, the local cell-by-cell polarizations are first achieved
by summing the products of Born effective charges (calcu-
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lated from the density functional perturbation theory [35])
and ion displacements in the local Pb- or Sr-centered unit
cells. The average of the cell-by-cell polarizations is the
total polarization, which is fairly close to the polarization
calculated from Berry phase method (with a difference less
than 2 C/cm?). Unfortunately, for the most oxygen-deficient
systems, the Berry phase formalism and the Born effective
charge calculation fail because the band structure could be
metallic (see the Supplemental Material [29]). However, in
practical ferroelectrics the polarization still exists though
there are inevitably oxygen vacancies. The ion displacements,
rather than the polarization, is often used to simulate this
situation [36,37]. In order to give a primary estimation of
the polarization in the defected superlattice, we still use the
products of Born effective charges from the perfect superlattice
and ionic displacements, providing that ions close to the
vacancies are mostly screened by vacancy-induced carriers
and their Born effective charges vanish while the ions at further
distances can suffer less significant impacts. Although layer-
decomposed electronic density of states analysis shows that the
PbO layer and SrO layer are insulating (see the Supplemental
Material [29]), the polarization is better estimated in unit-cell
layers instead of single-atom layers because the sum of Born
effective charges in a single-atom layer does not necessarily
vanish [38]. Therefore, our adopted method of polarization
calculation in an oxygen-deficient superlattice can to some
extent avoid the issue of vacancy-induced metallicity and give
a qualitatively reasonable evaluation of the polarizations.

To explore the FE and AFD distortions of the PT/ST
superlattice, it is useful to first determine the ground states
of bulk ST and PT at O K, separately. The bulk ST crystallizes
in the nonpolar I4/mcm space group and has the aa’c~ AFD
pattern in Glazer’s notation [39] with the rotation angle of 6°.
The ground state of bulk PT is the P4mm ferroelectric phase,
with a polarization of 75.68 .C/cm? along the ¢ axis as we
computed. The calculated in-plane parameters of PT and ST
are 3.894 A (apr) and 3.863 A (ast), respectively, slightly
less than experimental values [18]. The PT/ST superlattices
are constructed by alternately stacking layers of PT and ST
along the pseudocubic [001] direction (also denoted as the
¢ axis for simplification) as shown in Fig. 1. When biaxial
strain is applied, the strain values ¢ for ST and PT layers are
defined as &5 = (app — asr)/asr and ¥ = (app — apr)/apr,
respectively, where ajp is the in-plane lattice parameter
imposed on the superlattice, and apr and agy are calculated
equilibrium in-plane lattice parameters of the bulk PT and ST,
respectively. During the geometry optimization, app is fixed
while the out-of-plane lattice parameter is relaxed.

Due to the possible instabilities of FE and AFD distortions,
different initial states with symmetry-restricted optimization
of superlattice are used for comparison of energies. The
considered distortions include the FE instability at the I’
point in the Brillouin zone and several AFD modes at the
M point of the Brillouin-zone boundary. Using Glazer’s
notation [39], these AFD modes are characterized by the
octahedral rotation pseudocubic axes (a, b, or ¢) and relative
rotations between the adjacent octahedra (the superscripts
+ and — represent, respectively, the rotations in the same
(+) and opposite (—) directions; the superscript O represents
no rotation). Due to the symmetry, the pseudocubic [100]
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FIG. 1. (Color online) Schematic view of the PbTiO;/SrTiO;
1/1 superlattice with FE and AFD distortions. The spontaneous
polarization points down. The four kinds of oxygen atoms and the
upper-layer octahedra (S*) and the lower-layer octahedra (S™) are
denoted.

direction (a axis for simplification) and [010] direction (b axis
for simplification) are equal. The resultant in-plane octahedral
tilting axis and in-plane polarization direction are both along
the [110] direction, which requires a +/2 x +/2 x 1 supercell
of the PT/ST superlattice to consider AFD distortions.

For Vo, four types of inequivalent oxygen sites are
considered, as shown in Fig. 1. The O atoms in the TiO layer
are denoted as O1 and O2, while in the PbO layer and SrO
layer they are denoted as O3 and O4, respectively. According to
Fig. 1, the oxygen octahedra are indicated as ST (above the SrO
plane) and S~ (below the SrO plane), which are distinguishable
in the superlattices with nonzero polarization along the ¢ axis.
To avoid the interaction between Vg and its periodic images,
a 24/2 x 24/2 x 1 supercell of the PT/ST superlattice is used
with a distance of 8 A from the Vj, to its nearest image.

It should be noted that the concentration of the vacancies
in the enlarged superlattice concerned is ~2.1%, much
higher than typical experimental values of 10~*~107> under
normal conditions [40]. Due to the huge computational cost,
nowadays it is still very difficult to exactly reproduce the
usual experimental defect concentration in the supercell DFT
calculations, and smaller supercells of less than 100 atoms
are generally adopted in the DFT calculations of vacancy
systems [14,15,41]. According to the works of Evarestov
etal. [42,43], the electronic structure, formation energy, lattice
relaxation, migration energy, etc., are all dependent on the size
of the supercell to varying degrees. On the other hand, many
physical effects induced by vacancy defects are quite localized.
Typically, the vacancy-induced atomic displacement between
supercells of different sizes is around 10% [43] in bulk ST,
which would not result in qualitative change in polarization and
AFD distortions. This indicates that a reasonable evaluation of
the oxygen vacancy effect on epitaxial strained superlattice can
be obtained using the relatively smaller supercell and higher
vacancy concentration.
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III. COUPLING BETWEEN FE AND AFD INSTABILITIES
IN PERFECT PT/ST SUPERLATTICE

The total energies of pristine superlattices with different
symmetries against varying epitaxial strain are used to map
out the strain phase diagram. When in-plane lattice parameter
arp is between apr and agr, several phases are nearly equally
stable with the energy difference less than 20 meV per
supercell, consistent with the results from Bousquet et al. [7].
Among possible phases, four most stable phases are chosen to
calculate the total energy over a wide range of strain for the
strain phase diagram. The four considered phases are (1) the
structure possessing an out-of-plane polarization with AFD
rotations around the out-of-plane axis (FE./AFD., P4bm);
(2) in-plane polarization with AFD tilts around the in-plane
axis (FE,,/AFD,,, Pmc2,); (3) both in-plane and out-of-plane
polarizations with AFD rotations around both in-plane and
out-of-plane axes (FE,/AFD,,., Pc), which has the lowest
symmetry; and (4) in-plane polarization and AFD rotations
around the out-of-plane axis (FE,,/AFD., Pnc2). The last
phase has higher energy than the other three phases at most
considered strain regions and is only included for comparison.

It is clear from Fig. 2(a) that the FE,/AFD,,. phase is
the ground state over the entire range of strain we studied.
This phase was previously found in the BaTiO;/CaTiO3
superlattices, where the ground state is also predicted to have
the Pc symmetry [44]. However, the FE,/AFD,,. phase is not
prominently stressed by Bousquet ef al.[7], because its total
energy is close to those of FE.,/AFD, phase at compressive
strain and FE,,/AFD,, phase at tensile strain. Nevertheless,
in PT/ST superlattice, the FE,/AFD,,. phase should be
distinguishable from the FE./AFD, and FE,,/AFD,, phases
because the polarization dependence on strain is different for
these three phases, as shown in Fig. 2(b). At intermediate
strain (the area covered with a light-colored strip in Fig. 2(b)],
the FE,/AFD,,. phase has both the in-plane and out-of-plane
polarizations just as the so-called r phase found in ferroelectric
thin films [45,46]. Moreover, under large compressive strain
[i.e., the left part of Fig. 2(b)], the in-plane polarization
vanishes; while under large tensile strain [i.e., the right part of
Fig. 2(b)], the out-of-plane polarization vanishes. This overall
polarization dependence on strain for the FE,/AFD,,. phase
agrees well with that in PT/ST 2/2 superlattice predicted by
Aguado-Puente et al. [8]. In contrast, along with increasing
in-plane strain, the FE.,/AFD, phase only has monotonically
decreasing out-of-plane polarization, while the FE,,/AFD,,
phase only has monotonically increasing in-plane polarization;
in both phases, the polarization direction does not change upon
strain. Interestingly, only the FE,,/AFD, structure, the least
stable phase among the four phases considered [as shown in
Fig. 2(a)], exhibits the in-plane polarization and octahedral
rotation around the out-of-plane axis, suggesting that the
energy of the superlattice is lower when the polarization
and the AFD rotation around the same polar axis coexist
in the FE-AFD coupling regime. It is thus that the detailed
properties of the FE,,/AFD, structure will not be presented in
the following.

For compressive strains, the octahedral rotation around
the out-of-plane axis is unambiguously promoted, as shown
in Fig. 2(c). Three most stable phases all have spontaneous
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FIG. 2. (Color online) (a) Relative energies, (b) polarizations, (c) octahedral rotations around the out-of-plane axis, and (d) octahedral
tiltings about in-plane axis of different phases in terms of epitaxial strains. In (b) P, (P}) is the in-plane polarization projection on the [100]
([010]) direction and | P, |=| P, |. The FE,,/AFD,, phase does not have the out-of-plane polarization (P.) and the FE./AFD, phase does not
have the in-plane polarization (P, and P,). In (c) the rotation of S* is defined to be positive, and the positive (negative) angle of S~ rotation
indicates that S~ rotates in the same (opposite) direction with S*. Note that in the FE,,/AFD,, phase the S~ and S* have same rotations along
the ¢ axis. In (d) the angles of the in-plane tilts about the [100] and [010] axes completely coincide and thus represented by the same line.

octahedral rotations around the ¢ axis, although the initial
rotation pattern of a~a=c for the FE,,/AFD,, phase does
not include such out-of-plane rotation before relaxation.
For the FE,/AFD,,. phase, the upper-layer octahedra (ST)
and the lower-layer octahedra (S™) have different rotations
both in direction and in magnitude, consistent with previous
works [7,8]. Aguado-Puente et al. ascribed this phenomenon
to the imbalance between Pb-O and Sr-O covalent interactions.
However, in PT/ST 1/1 superlattice, the mirror symmetry
about the PbO (SrO) (001) plane is conserved. Thus, S*
and S~ are originally equivalent and have the same chemical
environment in the undistorted structure. The main reason
behind different octahedral rotation angles is the existence
of the nonzero out-of-plane polarization, resulting in breaking
of the mirror symmetry about the PbO (SrO) (001) plane. For
phases with sizable polarization along the ¢ axis, such as the
FE./AFD, phase and the FE,/AFD,,. phase at compressive
strain, S* has different rotations from S™. By contrast, for

phases with zero or small out-of-plane polarization, i.e., the
FE,/AFD,,. phase at tensile strain (out-of-plane polarization
is smaller than 2 ©C/cm?) and the FE,,/AFD,, phase, the
discrepancy between St and S~ rotations will disappear.
Therefore, the out-of-plane polarization is the key factor for
the nonequal rotations of the upper and lower octahedra.
Moreover, when the direction of the out-of-plane polarization
is reversed, the rotations of St and S~ are found to exchange
their absolute values, indicating that the direction of the
polarization along the ¢ axis is also crucial.

Remarkably, the situation for tensile strains is different:
octahedral tilting about the in-plane axis is dominant as shown
in Fig. 2(d). Since the tilts about the [100] and [010] directions
are of the same amplitude, the octahedra are projected onto
the (110) plane to clearly show the a—a~c AFD pattern [see
Fig. 3(a)]. When tensile strain is applied, the contraction of
the ¢ axis is accommodated by a bending of the Ti-O-Ti
chain along the ¢ axis, resulting in the in-plane tilt pattern
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FIG. 3. (Color online) (a) The octahedral tilting about the in-
plane [110] direction. Dashed line indicates the supercell boundary.
(b) A schematic plot of how tensile strain induces the in-plane
octahedral tilting as an analogy with the way compressive strain
promotes the rotations around the out-of-plane axis.

through rigid rotations of the oxygen octahedra, as shown in
Fig. 3(b). The close correlation between the polarization and
AFD rotations will be discussed in Sec. V.

IV. THE ROLE OF OXYGEN VACANCY

Oxygen vacancies are a common point defect in perovskite
oxides when strain is applied. In this section, we will
investigate the effect of oxygen vacancies on the polarization
and octahedral rotation (tilting) in the PT/ST superlattice with
varying strain. If not stated otherwise, the FE,/AFD,,. phase,
which is the most stable structure of the PT/ST superlattice, is
taken into account using a 2+/2 x 2+/2 x 1 supercell.

A. Formation energy

A key question to be addressed is how the relative stability
of different oxygen vacancies changes with varying strain.
Figure 4(a) shows the formation energies of different Vg
configurations as a function of the epitaxial strain. Although
there is no literature on the formation energies of oxygen
vacancies in PT/ST superlattices, previous theoretical studies
have given some hints on the energy scales in bulk ST and
PT. Under an extremely O-rich environment, the formation
energy of charge-neutral oxygen vacancy in bulk ST is about
6 eV by hybrid density functional (HSE) [47] and 6.5 eV by
LDA [41]. In bulk PT, Vg at different sites has the formation
energy varying from 5.53 to 5.85 eV by LDA [48]. Our
calculated formation energies of oxygen vacancies in PT/ST
superlattices are in the range from 4.99 to 5.69 eV, less than
those in single-phase bulk materials. Therefore, we expect
that Vo forms more easily in the PT/ST superlattice than in
the corresponding ST or PT bulk materials. Moreover, it is
clear from Fig. 4(a) that the formation energies of Vo1, Voo,
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FIG. 4. (Color online) The formation energies of four kinds of
oxygen vacancies in the (a) FE,/AFD,,. and (b) FE./AFD, phases as
a function of epitaxial strains

and Vo4 have the same trend, decreasing first, then increasing
and reaching minima at the intermediate strain (i.e., e'T < 0
but £5T > 0). In contrast, the formation energy of V3 nearly
remains unchanged with varying epitaxial strain, and is higher
than those of the other three V configurations when arp ranges
from 3.84 A to the maximum value considered here.

The polarization-induced internal electric field can be
responsible for the relative stability of oxygen vacancies
with varying strain. For PT/ST superlattices without oxygen
vacancies, the total polarization first decreases and then
increases with the increase of aqp as shown in Fig. 2(b),
resulting in the same trend of the internal electric field strength.
For this reason, the introduction of oxygen vacancies should
overcome higher electrostatic potential at high compressive
and tensile strains than at intermediate strain. To support
the above argument, we further calculate formation energies
of Vo in the FE./AFD, phase. The formation energies of
all oxygen vacancies indeed decrease monotonically with
the increase of strain [Fig. 4(b)], while the corresponding
polarization of the perfect FE.,/AFD, phase also decreases
all the way as in Fig. 2(b). These results in turn show that
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FIG. 5. (Color online) Average polarization vs epitaxial strain for the superlattices with (a) Vo1, (b) Voo, (¢) Vos, and (d) Vos. The dashed
lines with hollow symbols indicate the polarization of the perfect SL. The light-colored ribbon indicates the range of strain at which the perfect

SL has both in-plane and out-of-plane polarization components.

the polarization-induced internal electric field is responsible
for the behavior of formation energy in the oxygen-deficient
FE,/AFD,,. phase. It should be noted that the formation
energy of Vo3 in the FE,/AFD,,. phase exhibits exceptional
strain dependence. The electronic structure analyses show
that Vo3 induces different changes in the density of states
from other Vp (see the Supplemental Material [29]). The
difference between Vi3 and other Vi configurations will be
further discussed in the following sections. Moreover, under
intermediate strains, V3 is less stable than the other three
configurations by about 0.43 eV [see Fig. 4(a)], suggesting
that even at 1000 K out of 100 oxygen vacancies only one is
Vo3, as estimated from e~ 2H/*T (A H is the defect formation
energy) [49]. Evidently, this kind of oxygen vacancy (i.e., V o3)
is hardly formed in the PT/ST superlattice in comparison with
the other three oxygen vacancies.

B. Polarization

Figure 5 shows the dependence of the polarization on epi-
taxial strain in oxygen-deficient PT/ST superlattices with four
types of V. The polarization profiles of superlattices with V o,

V 02, and V g4 have two major features in common, remarkably
different from the polarization variation in the defect-free
superlattice. One feature is that the in-plane polarization
is along the [100] direction instead of the [110] direction,
together with a decrease in magnitude. Another feature is that
at intermediate strain (the area covered with a light-colored
strip in Fig. 5), the coexistence of in-plane and out-of-plane
polarization (denoted as r phase) disappears. Specifically, the
polarization direction of superlattice with V4 is either in
plane or out of plane, while for Vg, or Vo, only polarization
along the [001] direction is left. However, for superlattice with
Vo3, the polarization remains nearly unchanged compared
to those of the perfect PT/ST superlattice. This is probably
due to the insulating nature of the superlattice with V3
under intermediate strain to tensile strain. According to the
calculated electronic density of states (as shown in Figs. S3 and
S4 of the Supplemental Material [29]), the superlattices with
other kinds of Vg are metallic with the Fermi level crossing
the conduction bands, and thus ferroelectricity deteriorates.
On the contrary, the superlattice with Vo3 is insulating: the
two excess electrons induced by the neutral Vo occupy the
impurity states which do not cross the Fermi level. Therefore,
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FIG. 6. (Color online) Schematic plot of the local polarization patterns for Vg, configuration under (a) compressive strain and (b) tensile
strain. The supercell boundary is denoted by dashed lines. The direction and length of the arrow represent the direction and relative magnitude
of local polarization, respectively. The longest arrow in (a) corresponds to a polarization of about 10 «C/cm? and that in (b) corresponds to

about 40 uC/cm?.

the ferroelectricity of the superlattice with V3 could be well
preserved.

At intermediate strain, the PT layer is squeezed while the
ST layer is stretched; accordingly both out-of-plane and in-
plane polarizations coexist in perfect PT/ST superlattices. The
introduction of Vg can release the strain imbalance to some
extent, reducing the total of tensile effect and compressive
effect. Since the PT layer, the origin of the ferroelectricity in
the superlattice, has the spontaneous out-of-plane polarization
(i.e., [001] polarization) under this range of strain, the oxygen
vacancy can partly recover the [001]-oriented ferroelectricity
originated from the PT layer. Therefore, the intermediate-
strain-induced polarization deviations from the out-of-plane
axis are either eliminated as in superlattices with Vo, and Vo,
[see Figs. 5(a) and 5(b)], or strongly attenuated together with
the reduction of the [001] polarization itself as in superlattice
with Voa [see Fig. 5(d)], resulting in the disappearance of
the coexistence of the in-plane and out-of-plane polarizations.
This behavior is in agreement with the well-known vacancy
pinning effect on the polarization switching, which contributes
a lot to the fatigue in ferroelectrics [S0-52]. Moreover, both
the in-plane and out-of-plane polarizations are less than
the polarizations in perfect superlattice as shown in Fig. 5,
corroborating a negative effect of Vg on the ferroelectricity
of the system. The out-of-plane polarization of superlattice
with V o4 1s smaller and vanishes faster than those with Vo or
V 02. This can be explained from the anisotropic Born effective
charge tensor of O atoms in ABO3; compounds [53,54]. The
Born effective charge in the [001] direction for O4 (—5.9¢)
is larger than those for Ol and O2 (—2.1e). Therefore, the
removal of O4 would be more detrimental than O1 or O2 to
the out-of-plane polarization. On the contrary, the in-plane
polarizations of superlattice with Vo, or Vo, are less than
those of superlattice with V4 because the in-plane Born
effective charge components for Ol and O2 are larger than
those for O4.

As shownin Fig. 5, the polarization component along the in-
plane [010] direction is negligibly small for the lowest-energy

configurations of Vg, and V,. This can be mainly attributed
to the orientation of the Ti-Vp-Ti chain. In superlattices with
Vo1 or Vo, the adjacent two Ti cations near the vacancy in the
TiO layer move directly away from each other due to Coulomb
repulsion. These atomic displacements lead to a tail-to-tail
local polarization pattern along the Ti-Vo-Ti chain, which is
approximately [010] oriented in our system. Thus, the total
polarization in the [010] direction is suppressed, with only the
[100]-direction polarization left. The appearance of this tail-
to-tail pattern is independent of the strain. For illustration, the
local polarization distributions under compressive and tensile
strains are schematically plotted in Figs. 6(a) and 6(b), respec-
tively. Because the oxygen vacancies tend to order into a chain
or even planar structures [50], polarizations parallel to the
direction of the vacancy chain will be significantly weakened.
We therefore proposed that the ordering of oxygen vacancies
can be used to block the polarization in unwanted directions.

C. AFD rotations

Now we turn to the octahedral rotation and tilt patterns
in the defective superlattice. In the perfect superlattice, the
oxygen octahedra have both the rotations around the [001]
axis and the tilt about the in-plane axis (i.e., the rotations
around the [110] direction). With oxygen vacancies, the tilt
patterns become more complicated since the equivalence of
the [100] and [010] directions can be destroyed. Consequently
the octahedral rotation angles around the [100] (a axis), [010]
(b axis), and [001] (c axis) directions are independent and
possibly different now. Therefore, the changes of rotations
around the out-of-plane axis (¢ axis) and tilts about in-plane
axes will be separately discussed in the following.

Figure 7 shows the rotation angles around the ¢ axis
in oxygen-deficient superlattices under different epitaxial
strains. Interestingly, the Vp-induced changes of the rotations
exhibit different behaviors across e¥T = 0. Under large com-
pressive strain (€37 < —0.01), the rotations in all four Vg
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FIG. 7. (Color online) The octahedral rotations around the c axis in SL with (a) Vo, (b) Vo, (¢) Vo3, and (d) Vo4 under different epitaxial
strains. The solid lines with solid symbols represent the rotations in oxygen-deficient SL, while the dashed lines with hollow symbols represent
the rotations in perfect SL and the shaded areas are only for eye guidance to show the change of the rotation angles.

configurations show almost similar trends to those in perfect
superlattice. Only the ST rotation of superlattice with V o, gets
larger and the S* rotation of superlattice with Vo4 becomes
smaller compared to the perfect superlattice. As the in-plane
lattice parameter increases while the condition e¥T < 0 is also
satisfied, the ST rotation angles in superlattices with Vo3
and V o4 decrease faster than those in the perfect superlattice,
revealing that the rotation around the ¢ axis is not robust in the
existence of Vo3 and Vpg.

When the superlattice is further stretched to eFT > 0, the
octahedral rotations in different configurations will result in
quite different patterns. For the superlattice with Vg, or Vi,
the rotation angles in the upper layer (S* rotation) decrease to
zero while in the lower layer (S~ rotation) are stable at 1°-2°.
This inequivalence of the ST and S~ rotations is attributed
to the incompleteness of the octahedra in one layer upon the
removal of O1 or O2, and accompanied by the nonzero [001]
polarizations shown in Figs. 5(a) and 5(b). On the contrary, in
the superlattice with Vi3 or V4, the rotation angles in the upper
layers and lower layers converge to the same values at tensile

strain because the upper-layer and lower-layer “octahedra” are
still symmetrical even though they are both defective with the
lack of an oxygen atom each. In superlattices with Vo4, the
S* and S~ rotation angles both decrease to almost zero. This
is due to the Vp4-induced outward motions of Sr atoms. As a
matter of fact, because the atomic interaction in the SrO plane
is the driving force for the octahedral rotation, the loss of O
atom in the SrO plane itself can be the reason for the reduction
of the rotation around the ¢ axis. The St and S~ rotations
in superlattice with Vg3 are almost the same as those in the
perfect superlattice and maintained in the range of 1.5°-2°,
which is consistent with the nearly unchanged polarization in
superlattice with this kind of Vp.

As for the tilts around the in-plane axes, there exist some
novel features. It is shown above that, in pristine superlattice,
compressive strain can suppress the in-plane tilts. The intro-
duction of V, however, may cause certain lattice distortions
and atomic displacements. Thus, several octahedra near Vg
can have sizable in-plane tilts even under large compressive
strain. We denote those tilts emerging under large compressive
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FIG. 8. (Color online) The in-plane octahedral tiltings along the [100] and [010] directions in terms of epitaxial strain for SL with (a) Vo,
(b) Vo, (¢) Vo3, and (d) Vo4 in comparison with the rotation projected along the [100] direction in perfect SL (dotted lines with crosses). The
light shade indicates the emergence of the secondary tilts, and the deep shade indicates that secondary tilts are as large as the primary tilts to
form an overall in-plane tilt pattern. Note there is only one type of shade in (c) where the secondary tilts are always smaller than the primary
tilts. The positions of octahedra with primary tilts under compressive strain are marked in the insets.

strain as primary tilts. The octahedra which have primary tilts
are marked in the insets of Fig. 8. For convenience, we denote
the octahedron chain with two successive imperfect octahedra
(TiOs polyhedra) as d chain (i.e., defective octahedron chain).
In other words, the d chain consists of successive octahedra
along the Ti-Vp-Ti direction. From the insets of Figs. 8(a)
and 8(b), the octahedra in the d chain and the octahedron
chains just below or above the d chain have primary tilts
in the superlattice with Vi, or Vo,. If the d chain is [010]
oriented, the tilts turn to be around the [100] direction since
the vacancy-induced atomic displacements along the chain
cannot produce the rotation around the chain. The same rule
can be applied to the [100]-oriented d chain. In contrast to V ¢,
and V o, configurations, the nearest-neighboring octahedra of
the TiOs polyhedra in superlattice with V o3 or V o4 may bear
primary tilts around both the [100] and [010] axes. Only four
octahedra surrounding Vo3 have small primary tilts of about
1° under compressive strain, while all eight nearby octahedra
surrounding V o4 manifest the primary tilts as large as 4°.

After the superlattice is stretched to a certain degree
(corresponding to the areas covered with lighter shades in
Fig. 8), the octahedra which do not tilt at large compressive
strain can now have in-plane tilts as the “secondary tilts”
as shown in the insets of the figure. At around T =0,
the secondary tilts have similar magnitudes to primary tilts
and an overall in-plane tilt pattern forms except for the V3
configuration. In superlattices with V o1 or V g, the tilts are still
around the [100] direction only. In the V o4 configuration, there
are tilts around both the [100] and [010] directions and the tilt
angles are larger than those in perfect superlattices. Combining
these results with the rotations around the ¢ axis, it is clear that
the V can suppress the rotations or tilts around the axis parallel
to the d chain (the Ti-V-Ti chain), but facilitate the rotations
around the other two orthogonal axes. Finally, if the tensile
strain increases further, the tilt angles are slightly reduced
instead of enhanced. Because the octahedra with Vo defect
deform too much under large strains, the rigid oxygen cage
approximation is not applicable and more types of distortions
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need to be considered, which are beyond the scope of this
paper.

V. DISCUSSIONS

In this section we qualitatively discuss the interplay
between polarization and octahedral rotations (tilts), and the
role of Vo in this coupling. As mentioned before, the ST
and S~ octahedra are equivalent by symmetry in undistorted
PT/ST 1/1 superlattices. The nonzero polarization along the
¢ axis can distinguish the octahedra in upper layers from
those in lower layers. It is shown that the orientation of the
out-of-plane polarization relates to the rotations of St and S~
octahedra in a straightforward way: the upper-layer octahedra
rotate more than lower-layer octahedra when the polarization
points down and vice versa, which is consistent with previous
theoretical work [8]. Summarizing the polarization variations
and octahedral rotations around the ¢ axis of the FE,/AFD,,.,
FE./AFD,, and FE,,/AFD,, phases as shown in Fig. 2, we
find that roughly the difference between S* rotation and S~
rotation depends linearly on the out-of-plane polarization:
| pc(ST) — ¢.(S7) |x| P, |. With the introduction of oxygen
vacancies, | ¢.(ST) — ¢.(S7) | is still positively correlated
with the out-of-plane polarization. Compared to the perfect
one, superlattices with V; or Vo, still has nonzero [001]
polarization of about 5 «C/cm? under tensile strain, corre-
sponding to the difference of 2° in rotation angles. For Vo4
configuration, the out-of-plane polarization is reduced to zero
under tensile strain and accordingly the difference between
S* rotation and S~ rotation vanishes. Therefore, although the
presence of oxygen vacancies can influence the magnitudes of
the out-of-plane polarization and rotations around the c axis,
it will not noticeably affect the positive correlation between
| $c(ST) — ¢(S7) | and | P |.

In perfect superlattices, it is observed that octahedral
rotation accompanies the polar distortion along the rotational
axis, similar to the case in rhombohedral BiFeO5 [55]. This
can be regarded as a result of strain mediation. The coexistence
of octahedral rotation and polar distortion is not altered by the
introduction of Vg as shown by our results. The internal stress
induced by Vg switches the in-plane polarization from the
[110] direction to the [100] direction and simultaneously wipes
out the [010] tilt, leaving only the in-plane tilt about the [100]
axis. Therefore, no matter whether in perfect superlattices or
oxygen-deficient superlattices the Landau expansion of total
energy should have an energy-lowering term describing the
coupling between polarization and rotation around the polar
axis, as proposed by Bousquet et al. in a defect-free PT/ST
1/1 superlattice [7].

Evidently, the direction of the Ti-V-Ti chain is special
in oxygen-deficient superlattice since the polarizations and
octahedral rotations or tiltings along the chain are different
from those along the other two orthogonal directions. The
spontaneous polarization along the Ti-Vp-Ti chain is dra-
matically reduced due to the tail-to-tail polarization pattern,
together with the suppressed octahedral rotation or tilting
around the chain. In contrast, the polarizations only slightly
decrease and octahedra rotation angles turn to increase instead
of decrease in other two directions. These structural distortions
are in accordance with the outward movements of neighboring
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cations and inward movements of neighboring O ions. It
should be noted that the changes in atomic structure will be
accompanied by the modulation of the electronic structure. In
particular, the Vg and epitaxial strain can synergistically affect
the electronic structure around the Fermi level, including band
gap and the positions of in-gap states (see the Supplemental
Material [29] for a detailed analysis). It is thus that, by
controlling the positions of oxygen vacancies, both the FE
and AFD properties can be manipulated. In various perovskite
compounds, it is possible to grow a chain or even an array
of of Vo as summed up by Scott and Dawber [50] decades
ago. In the same way, the polarization along a certain direction
can be suppressed and the response mode can be accordingly
modified in the superlattices.

VI. CONCLUSIONS

We comprehensively investigate the effect of oxygen vacan-
cies on the FE and AFD properties of PT/ST 1/1 superlattice
under different epitaxial strains. Consistent with previous
work, the FE,/AFD,,. phase with space group Pc is found
to be the most stable phase for the perfect superlattice, and has
both in-plane and out-of-plane polarizations at intermediate
strain. Interestingly, the oxygen vacancies form easiest at
intermediate strain because under large tensile strain or
compressive strain the polarization-induced internal electric
field is stronger and can firmly bind the oxygen ions. With
the presence of oxygen vacancies, the total polarizations of
the superlattice tend to be pinned to the [001] direction or
the in-plane direction due to the Vg-induced polarization-
cancelling tail-to-tail pattern, thus inhibiting the FE, behavior.
As for the oxygen octahedral rotations around the ¢ axis,
oxygen vacancies have little influence on the rotations at large
compressive strain, but lead to defect-type-dependent rotation
modes at large tensile strain. In addition, oxygen vacancies
can induce tilts of several octahedra around an in-plane axis at
large compressive strain and subsequently an overall in-plane
antiferrodistortive pattern (i.e., the in-plane tilts are promoted
by oxygen vacancies).

Actually, some essential properties of PT/ST superlattices
have not been altered by Vp. In both perfect and defective
superlattices, octahedral rotations around the polar axis co-
exist with the polarization, and the out-of-plane polarization
determines the difference between the rotations in the upper
layers and lower layers around the ¢ axis. However, in
the direction of the Ti-Vp-Ti chain both the polarizations
and octahedral rotations are different from those along the
other two orthogonal directions. The polarization in this
direction is largely suppressed by the Vp-introduced tail-to-
tail polarization pattern. The octahedral rotation or tilting
around the Ti-V,-Ti chain is also suppressed to some extent
while the rotations or tilts at the other two directions are
enhanced. As a result, the Vp-induced anisotropy in the FE
and AFD properties, which may be controlled via the sample
growth with oxygen vacancy chains or even planes in certain
directions, can be used in the design of ferroelectric-dielectric
devices. In summary, our work provides a thorough reference
to the coupling of different instabilities in the oxygen-deficient
superlattices and might serve as a guidance to the possible
modulation means in experiments.
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