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Dynamic control of octahedral rotation in perovskites by defect engineering

Jiahui Jia®,"? Xu He®,"3-" Arsalan Akhtar®,' Gervasi Herranz®,?> and Miguel Pruneda

1,

'Catalan Institute of Nanoscience and Nanotechnology-ICN2, CSIC and BIST, Campus UAB, 08193 Bellaterra, Spain
2 Institut de Ciéncia de Materials de Barcelona, ICMAB-CSIC, Campus UAB, 08193 Bellaterra, Spain
3 Institute of Condensed Matter and Nanosciences, Université Catholique de Louvain, 1348 Louvain-la-Neuve, Belgium

®  (Received 11 January 2022; revised 4 May 2022; accepted 31 May 2022; published 23 June 2022)

Engineering oxygen octahedra rotation patterns in ABO; perovskites is a powerful route to design functional
materials. Here we propose a strategy that exploits point defects that create local electric dipoles and couple to
the oxygen sublattice, enabling direct actuation on the rotational degrees of freedom. This approach, which relies
on substituting an A site with a smaller ion, paves a way to couple dynamically octahedra rotations to external
electric fields. A common antisite defect, Alr,, in trhombohedral LaAlOs; is taken as a prototype to validate the
idea, with atomistic density functional theory calculations supported with an effective lattice model to simulate
the dynamics of switching of the local rotational degrees of freedom to long distances. Our simulations provide
an insight of the main parameters that govern the operation of the proposed mechanism, and allow to define
guidelines for screening other systems where this approach could be used for tuning the properties of the host

material.
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I. INTRODUCTION

The corner-sharing octahedron formed by the B-site tran-
sition metal ion coordinated by its six oxygen ligands in
ABOj; perovskites is regarded as the fundamental functional
unit in this family of materials [1-7]. Due to the strong
coupling between lattice and electronic degrees of freedom
(spin, charge, and orbital), it is in principle possible to fine
tune the functional properties of these materials by control-
ling rotations and tiltings of the BOg octahedra. In the last
decade great efforts have been devoted to engineering octa-
hedral rotations by epitaxial strain or interfacial coupling in
perovskite heterostructures in order to improve functionalities
such as electrical conductivity, ferroelectricity, magnetism,
charge and orbital ordering, superconductivity, magnetotrans-
port, etc. [1-9]. With this approach one can achieve dynamic
control over the octahedra by indirect actuation over the sub-
strate via piezoelectric coupling. However, direct coupling
between octahedral rotation and external electric field is typ-
ically very weak, mostly because the corresponding atomic
displacements in simple perovskites are nonpolar. In more
complex oxides, such as artificial superlattices [10,11], or
stacked perovskite double layers [12,13], that show hybrid
improper ferroelectricity (HIF), octahedral rotations couple
to polarization and can be dynamically tuned by an external
electric field [14,15]. However, in spite of the intensive search
for HIF, these promising materials are still scarce, and the
switching mechanisms can be rather complex, as the coupling
involves two or more rotation modes.
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On a completely different approach, dynamic control of
the octahedral rotations was demonstrated by Liu et al. [16]
through the coupling with oxygen vacancies in thin WOj3
films. Here, ionic liquid gating is responsible for the gen-
eration of a large concentration of vacancies, which in turn
results in a strong modification of the octahedral rotation.
Vacancies are created by redox reactions at the oxide-gate
interface, which can be reversed by changing the sign of the
applied voltage. Such approach is not that different to the idea
of using the chemical potential, that determines the forma-
tion of defects, as a dynamical variable similar to electric,
magnetic, or strain fields, that controls the properties of the
host material [17]. Indeed, defect engineering has become
one of the more promising, yet challenging, routes to achieve
new functionalities in oxides [18-20]. Furthermore, although
somehow indirect in the work of Liu and collaborators, the
idea of coupling lattice deformations induced by defects to an
external electric field seems powerful. The concept that we
introduce here goes a step beyond by exploiting directly the
local polarization induced around a point defect.

Intrinsic point defects such as cation vacancies, anti-
site defects, or Frenkel pairs [19,21] have been linked to
the formation of polar nanoregions that are responsible
for the ferroelectric polarization observed in KTaO3 (KTO)
[21] or ultrathin SrTiO; (STO) films [20]. In particular,
first-principles calculations have shown that antisite Ti de-
fects spontaneously generate a local dipole by off-centering
displacements from the Sr site in SrTiO3 [19,22]. Large off-
centering displacements were also reported for Li and other
impurities at the A site in KTaO3; [23]. Guided by these ob-
servations, here we propose a general design principle based
on substitution of the A cation with a smaller ion which po-
tentially distorts the octahedral BOg tilting. Is it thus possible
to bypass the competition between octahedral rotations and

©2022 American Physical Society
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FIG. 1. A schematic of the proposed mechanism to control octa-
hedral tilts. Small red circles represent the anions at the corners of
the octahedra with the B cation in the center (blue circle). (a) The
A cation is originally placed at the dashed square. A substitutional
defect at the A site is denoted by filled dark blue square. This defect,
which may consist of a smaller ion, such as the antisite Al;, in LAO,
displaces preferentially towards a position close to the surrounding
anions, giving rise to a local polarization +P. This polarization
couples to external electric fields, enabling the displacement of the
defect to a different configuration (b). The new defect configuration
is metastable, and the strong coupling to nearby O atoms modifies the
rotation angle of the host lattice octahedra leading to the structure (c).
Central panel (e) sketches the switching energy barrier between the
two polarization states

polar (ferroelectric) distortions in the perovskite lattice
[24-26] gaining control over the rotations with external elec-
tric fields?

We focus on thombohedral LaAlO; (rLAO) as a prototype
system for tuning of octahedral rotations by dipolar defects.
Unlike SrTiO3 or KTaOs, pristine tLAO has an octahedral tilt
pattern at ambient conditions (a~a~a~ in Glazer notation),
due to the condensation of a soft phonon at the R point of
the Brillouin zone that drives an antiferrodistortive (AFD)
deformation. The antisite defect Al;, has been previously
reported for Al-rich thin films, and as for STO and KTO, the
substitutional cation displaces from the ideal A-site position,
resulting in a local dipole moment [27]. Our first-principles
calculations reveal that low concentration of defects induces
local deformation of the octahedral tilts which are significant
over a few nm length. We also show that tilts are strongly
coupled to the defect, and a relatively low-energy barrier
would allow switching of the rotations with external electric
fields, enabling not only static but also dynamic tuning of the
rotations through defect engineering.

The basic mechanism behind our proposed methodology is
schematized in Fig. 1. Due to the smaller ionic radius of the
substitutional defect (Alr,), the cation, represented as a dark
blue square in the figure, will be susceptible to displacements
from the original A site (dashed square). The rotation of the
surrounding Al-O octahedra (in light blue) determines a pref-
erential direction for the movement of the cation, which wants
to form chemical bonds with the nearest oxygen atoms (small

red circles). Hence, due to the tilt pattern in the host, the de-
fect will displace “up” or “down” towards the closest oxygen
atoms, forming the “+4P” and “—P” states defined in Figs. 1(a)
and 1(c). The strength of the chemical bond between the
cation and the oxygen atoms can also affect the rotation angle
of the octahedra relative to the pristine lattice value. Further-
more, as the Aly, is a charged ion (A13+), an external electric
field can be used to shift its position, say from “+P” state to
“—P” as shown in Fig. 1(b). From its new position, the defect
Al, which tends to form shorter chemical bonds with oxygen,
will drag its neighboring oxygen atoms towards it, driving the
surrounding oxygen octahedral rotation (a more realistic rep-
resentation of Fig. 1 can be viewed in Fig. S1 of the Supple-
mental Material [28]). We then expect a possible field-induced
transition from “+P” to “—P” state, with an energy barrier
that can be estimated from our first-principles calculations.
The switching of the octahedral rotation upon polarization
switching can remain local, or propagate throughout the sys-
tem. The key to the proposed mechanism is the attraction
between the small substitutional ion and the oxygen atoms,
and the flexibility of the octahedral rotations, which are gen-
eral and thus can be extended to other materials.

The paper is organized as follows. After introducing the
theoretical methodology (Sec. II), we present the results ob-
tained in a model system used to validate our approach in
Sec. III. The structural properties of the defect are discussed
in Sec. IIT A, the energetics of the switching in Sec. III B, and
the analysis of the long-range propagation of the octahedral
distortions in Sec. IIIC. The results and the perspectives for
other systems are broadly analyzed in Sec. IV. Finally, con-
clusions are outlined in Sec. V.

II. METHODS

First-principles calculations. Our density functional the-
ory (DFT) calculations are performed with the generalized
gradient approximation (GGA) using the PBEsol exchange-
correlation functional [29] as implemented in the SIESTA
package [30,31]. The pseudopotentials are obtained from the
pseudodojo data set in PSML format [32], and a double-
zeta-polarized (DZP) numerical atomic orbital basis set was
used to describe the electronic wave functions. A 3 x 3 x 4
Monkhorst-Pack k-point mesh is used for the 2+/2 x 2+/2 x
2 supercell. Atomic positions were relaxed with a force
tolerance below 0.001 eV A~!. The atomic structures were
visualized with VESTA [33]. Energy barriers between multiple
stable states were obtained using the climbing image nudged
elastic band (NEB) method [34]. The image-dependent pair-
potential (IDPP) method is used to generate the initial path
[35]. The effect of an electric field & on the NEB migration
path is modeled by defining the electric enthalpy functional
Hglp, g] = Exs[p] — QP - 5’ where Exs[p] is the Kohn-
Sham energy functional, P the electric polarization obtained
from the modern theory of polarization, and €2 is the cell
volume.

Effective lattice model. To follow the propagation pattern
of octahedra induced by the defect, we built an effective
Landau-type lattice model based on lattice Wannier functions
[36] (LWF), which has been applied in the simulation of fer-
roelectric properties [37]. A more detailed description of the
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FIG. 2. Local structure around the A site, highlighting the eight AlO4 octahedra surrounding the La site, and the different O neighbors with
short, medium, and long La-O distances. For local structure in (a), the substitutional Al would displace along (110), as in (b). We label this as
[0] site. Alternatively, a different local environment gives structure [1], where the off centering takes place along (110), as in (c). Notice that

the octahedral rotations are different for [0] and [1].

model can be found in the Appendixes. With this model, we
can do NVT (constant number of particle, constant volume,
and constant temperature) dynamics at various temperatures
by using a Berendsen thermostat [38] and simulate the lattice
distortion at finite temperature with the code MULTIBINIT [39].

III. RESULTS

We choose rLAO as our model system because of its sim-
plicity. The nonmagnetic La and Al allow us to eliminate
possible contributions from charge, spin, or orbital degrees
of freedom so that we can focus on the influence of substi-
tutional Al on octahedral rotation patterns. The radius of Al
jon (0.535 A) is much smaller than La ion (1.36 A) [40].
Practical demonstration (and possible application) of the pro-
posed scheme requires addressing a few aspects: What are the
structural properties induced by the defect? Is the coupling
between the defect and the octahedral rotation strong enough
to drive the switching of the rotation? What is the energy
barrier required to switch the defect state from “+4-P” to “—P”’?
What is the localization range of the octahedral tilt deforma-
tion induced by the defect? In the following, we will discuss
these issues in the light of our calculations.

A. Structural characterization

Pristine rLAO has space group R3c, and the computed
lattice parameters of the relaxed structure are a = b =c =
536 A and a = 8 =y =60.27°, in excellent agreement
with experimental lattice parameters ¢ = 5.360 A and a =
60.10° obtained from neutron powder diffraction experiments
at 15 K [41]. The Wyckoff positions of the atoms are La 2a
(3. 3. 1. Al 25 (0,0,0), O 6e (0.25, 0.71, 0.79). We model
a ~6.25% defect concentration by placing one Al in a La
site within a 2+/2 x 2+/2 x 2 supercell. There are three short
(~2.5 A) A-O interatomic distances along the (110), (101),
and (011) directions [cyan spheres in Fig. 2(a)]. In the op-
posite directions, the A-O distances (magenta spheres) are

longer (~2.9 A), and thus the defect has a preference to
off center from the A site and enhances the interaction with
neighboring oxygen atoms. This means that depending on the
local environment (determined by the two distinct Wyckoff
2a sites) there will be two equivalent configurations, which
we identify as [0] and [1] defect states in the lattice [shown in
Figs. 2(b) and 2(c), respectively], with Alp, displacing either
along (110) or (110), depending on the local environment of
the A site [see also Fig. 3(a)]. The off centering of 1.02 A
results in a relaxation energy gain of over 4.6 eV.

In addition to these minimal energy structures, we searched
for additional configurations, by applying small displace-
ments on Aly, towards other crystallographic directions. We
found that there are additional local minima, in which the
defect moves along (110) or (110) [Fig. 3(b)], both with
~0.03 eV higher energy than the ground state in Figs. 3(a) and
3(c). These displacement directions correspond to six interme-
diate A-O interatomic distances (~2.7 10\). In these cases, the
off-center displacement is 0.72 A. Other possible structures
with off-center displacements along different crystallographic
directions were also obtained, all with higher energies.

The Glazer rotation pattern of the structure changes from
a~a~a" in pure TLAO to a~a~c” in the proximity of an Al
off centered along (110) (+P state). The oxygen octahedral
rotation angles near this defect Al in the plane which con-
tains the displacement vector increase to about +7°, which is
about x2 times larger than the rotation in the pristine rLAO
(about £4°). This is at the expense of a substantial reduction
of the tilt rotation along the c¢ axis, which is perpendicular
to the defect displacement direction. To probe the strength of
the defect-tilt interaction, we took the Al;, in the structure
corresponding to state “—P” as shown in the Supplemental
Material [28]. We find that the forces on the nearby oxygen
atoms are strong enough to drive the rotation of the four
AlOg octahedra surrounding the defect. Full lattice relaxation,
even with a lower defect concentration (3.1%) modeled in a
24/2 x 24/2 x 4 supercell, results in the defect dragging the
inversion of the octahedral rotation in the whole cell. Upon
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FIG. 3. Relaxed DFT structures visualized with VESTA [33]. The supercell size is 2/2 x 24/2 x 2, corresponding to Al;, concentration
of 6.25%. (a), (c) Ground states with Al;, (cyan sphere) moving along (110) and (I110) directions by ~1.02 A. Small red, large green, and
medium blue spheres correspond to O, La, and Al atoms, and the octahedra around the defect site highlight the inversion in the rotational angles
between both structures. The red dashed rectangle in the center of the supercell is a reference to the model sketched in Fig. 1 which is also
revisited in [28]. (b) A local minimum structure with Al;, moving along (110). Its energy is 0.03 eV higher than the ground states. (d) NEB
transition path shown from the (001) axis, with superimposed atomic positions. Pseudocubic axes are shown together with the simulation box.
(e) NEB energy barrier between (a) and (c) configurations. The off-centering directions for Al, are indicated for each minima position. Q;
and Oy are the reaction coordinates of the initial and final NEB structures, respectively. (f) Evolution of the energy barrier as a function of an

electric field oriented along the (110) direction.

switching between the two opposite displacements [Figs. 3(a)
and 3(c)], a large dipole difference of 12.4 e A is obtained,
which is due to the large displacement and Born effective
charges [43] (reported in Table I). We thus expect that applica-
tion of an external field, coupled to the defect-induced dipole,
can be used to switch octahedral rotations in the host lattice.

TABLE 1. Born effective charges for different atoms in pristine
rLAO and the substitutional defect AlL, [42].

Atoms Born charge (e)
" 4.41 0.00 0.00 ]
La —0.00 4.39 —0.02
| 0.00 —0.02  4.40 |
[ 2.92 —0.08 0.12 ]
Al 0.08 2.90 —0.01
| —0.12  —0.01 2.91 |
[—2.44 —0.00 0.00 ]
(0] —-0.00 =243 0.01
| 0.01 0.01 —2.44 |

2.83 —0.00 0.00
—-0.01 342 0.00
—0.01 0.01 3.17
3.31 -032 -0.30

—0.21 3.46 0.06
-0.21 0.11 3.25

Alp, in initial image

Alp, in transition image

B. Energy barriers

In order to assess the feasibility of octahedral tilt tuning
by electric field manipulation of the defect dipoles, in the
following we quantify the energy barrier that needs to be
overcome to move between Figs. 3(a) and 3(c). We estimated
the barrier by searching for a minimum energy path using the
nudged elastic band (NEB) method. The naive migration path
in which the Al , moves directly along the (110) direction
has an energy cost of ~0.8 eV. However, this is not the lowest
possible migration path that we have identified, which takes
place in two steps, and is illustrated in Fig. 3. On a first stage,
the Aly, defect moves along the (100) direction to occupy
a local minimum [Fig. 3(b)], where the off centering takes
place along the (110) direction. The path to this intermediate
position involves some displacement also in the ¢ direction,
enabling a recovering of the AFD tilt rotation along this axis,
which eases the simultaneous rotation of the octahedral lattice
(the barrier for octahedral rotations in the pristine structure is
~0.05 eV). There is a local minima along this route in which
the off centering is close to (011) (labeled in the figure as
(011)*), but the Al;, bonds to only four oxygen instead of
five, making this structure ~0.09 eV higher in energy than the
(110). Finally, the Aly, is displaced towards the final (110)
position [Fig. 3(c)], following an equivalent path. The total
migration barrier is slightly larger than the value reported for
migration for Tig, in SrTiO3 [20,22], but small enough to
enable switching by external electric fields.
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From the Born effective charges (Z*) and the migration

path coordinates (dy), we can estimate the polarization change
from the initial configuration to the transition state AP ~
Zy,. dp, + Y Al 2 -d;, and the effect of the electric
enthalpy on the migration barrier [44]. Assuming that the
Born effective charges for j # Alp, remain unchanged with
respect to the pristine cell, the polarization work at the sad-
dle point is given by WS ~ Q°f . drs - €, where drg is the
integrated displacement vector of the moving atom (Alp,),
and Q" = £||AP|/|ldrs]| is an effective charge determined
from the polarization variation. As shown in Table I, we have
verified that the change in Z* for Aly, is less than 17%, hence,
the assumption that the Born charges do not change along the
computed migration path is justified. Taking an electric field
in the direction of the initial defect polarization, we observe
that the displacement of Al;, along the migration path gives
a substantial change in the polarization vector and results in a
migration barrier which is sensitive to the strength of the field
[Fig. 3(f)]. Hence, a sufficiently strong electric field, helped by
thermal fluctuations, can be used to tune the orientation of the
defect off centering, and the chemical interactions with nearby
oxygen atoms makes it possible to control the octahedral tilts
in the proximity to the defect. In the following we address how
the deformation of octahedral rotation induced by the defect
propagates to the whole lattice.

C. Propagation of the tilt deformation far from the defect

Our density functional theory (DFT) calculations indicate
that the induced octahedral tilt patterns can be reversibly
switched back and forth, at least for the defect concentrations
modeled with the supercell sizes used. Although concentra-
tions above 6% have been observed in experiments, it is
helpful to also understand the behavior in the structure with
lower concentration and up to the diluted limit. This is, how-
ever, not feasible from DFT calculations due to the large
computation cost. In the low-concentration limit, the interac-
tion between defects should be neglected, and is only indirect
through the octahedra rotation propagation. For this mecha-
nism to be exploited in applications of multifunctional devices
it is important to study both the dynamics of the induced
rotations across the whole system, and its propagation from
a single defect. With this objective we have built an effective
Landau-type lattice model based on lattice Wannier functions
[36] (see Appendix A for details), which allows us to follow
the dynamics of the local lattice distortion throughout the
crystal at finite temperatures.

LWF’s are close analogs to the electron Wannier functions,
which form a localized basis set for describing the correspond-
ing system. For studying the dynamics of the structure, not
all of the lattice distortion modes are of equal importance.
For example, the behavior of the soft modes is often enough
for understanding structural phase transitions. Therefore, the
dynamics of the system could be studied with a Hamiltonian
with a minimal basis set which could well describe the sub-
space of distortions of interest. The LWF’s form such basis.
The phonon branches that correspond to the octahedral rota-
tions can be used to construct the minimal basis Hamiltonian
that allows to study the dynamics of such octahedral rotations.
Each LWF (labeled i) is a group of atomic displacements

0K 300K 600K

4 x4
N
]

6 X6

12 x12

FIG. 4. Map of the staggered amplitudes of the LWF’s after
3.6-ps total simulation time (time step 0.1 fs) in various supercell
sizes (4 x4 x 4,6 x6x6,and 12 x 12 x 12 from top to bottom
corresponding to defect concentrations of 1.56%, 0.46%, and 0.06%,
respectively), and simulation temperatures (0.1, 300, and 600 K from
left to right). The fixed LWF amplitudes at the top left corner of
each supercell are double those of the pristine structure (A = 2). The
reversed octahedra are shown in red, while the nonreversed are in
blue.

(the amplitude of which is t;, for the atomic displacement u)
within a certain local range. The amplitude of the LWF is then
defined as W? = )", 7. The octahedral rotation in pristine
rLAO relative to the cubic structure determines the amplitude
WO of the LWF’s in bulk.

As mentioned above, the defect induces an increase by a
factor close to 2 for the tilt angle. Therefore, in our LWF
model, we set the amplitudes for the eight octahedra (2 x 2 x
2 cell) closest to the defect to A x W@, with A = 2. Thus,
by switching locally the amplitude of the LWFs around the
defect, we monitor how that fixed perturbation propagates
in the system for a given temperature. Note that due to the
corner-sharing connectivity of perovskites, the rotation of the
octahedra along a particular axis predominantly propagates in
the plane perpendicular to that axis. We follow the evolution
of the “staggered” amplitude of the LWF’s, W5, defined as
WiS = W;exp(2riq - R;) where W; is the amplitude of the
LWF with index i, R; is the corresponding cell vector, and
q=( %, %, %) is the wave vector of the unstable phonon that
gives the bulk tilt pattern. Results obtained for different defect
concentrations (1.56%, 0.46%, and 0.06%) and sampling tem-
peratures from 0 to 600 K (below the transition temperature to
the cubic phase at ~800 K, Fig. 6) are summarized in Fig. 4.
The image shows the final configuration after 3.6 ps, where
the rotations of the four squares in the top left corner (in red)
were switched with respect to the initial octahedral rotation
configuration of the system (negative W5, in blue).

Our simulations reveal that for very small concentration of
defects (lower panels in Fig. 4) the propagation of the rotation
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switching to the whole lattice is hindered. However, for larger
concentrations (0.46% and above) thermal fluctuations seem
to be enough to enable the inversion of the whole octahedral
rotation. This happens if the strength of the defect-octahedra
rotation wins over the softness of the phonon mode: In other
words, the lattice is not able to switch back the defect position
(and thus the local octahedral rotation). Similar conclusions
are obtained if the local deformation induced by the defect
is weaker (smaller rotations in the proximity of the defect,
modeled with A = 1). Although in this case the defect con-
centration or the temperature have to be increased to ensure
the propagation of the switch to the whole lattice (Fig. S2
in Supplemental Material [28]) the effect seems to remain
possible for temperatures well below the transition tempera-
ture. Note that samples with La/Al ratios below 0.97, which
have been related to high concentration of defects (likely
antisites) [27,45], are not uncommon in the laboratory and
can be conveniently engineered in samples grown by pulsed
laser deposition (PLD) [45,46] or molecular beam epitaxy
(MBE) [47].

IV. DISCUSSION

Our test bed system to demonstrate the feasibility of
the proposed approach has been the antisite Al;, defect in
LAO. However, substitutional defects, where the A site is
occupied by a smaller ion, are ubiquitous in perovskite struc-
tures, and have been reported not only in LAO, STO, and
KTO, but in many other systems such as TbMnO3; (Mnry,)
[48], BaSnOs (Snp,) [49-51], SrSnO;3; (Sng;) [50], YAIOs,
LuAlO3 (Aly, Alyy) [52], LaScO; [53], LuFeO;3 (Scry) [54],
or NaTaOj; [55,56]. Substitutional defects have also great in-
fluence on the properties of halide perovskites such as FAPbI3
[FA=HC(NH,)**] [57]. Hence, our strategy is likely to be
suitable for a broad variety of systems.

One can expect that a smaller cation in the A site can
produce a distortion of the perovskite lattice by a contraction
of the lattice and/or a tilting of the BOg octahedral sublat-
tice. Both effects will have consequences on the electronic
properties of the material. However, contraction of the lat-
tice is expected to be localized around the defect, while the
distortion of the octahedral rotations can propagate to longer
distances, as our calculations have shown. Hence, even a small
concentration of defects can have global effects on the system.
Furthermore, actuation by electric fields on the local dipole
opens the possibility for dynamic control of the electronic
structure. Keep in mind that the increase in the octahedral tilt
angle results in poorer overlaps of the orbitals for the metal at
the B site, which will result in narrower conduction bands,
weaker magnetic interactions, etc. Indeed, in our example
system changes in the tilt angle by a factor 2, as obtained in
our defective supercell, can give a band-gap increase by up to
a 30% (at the DFT level).

What materials can be identified as potential candidates for
defect engineering the octahedral rotation, and consequently
the electronic properties? Our first-principles calculations,
and the effective Landau-type lattice model, can help to de-
termine which parameters control the propagation of the local
octahedral rotation to long distances. The presence of a soft
phonon in the high-symmetry phase of the perovskite ensures

the rotation of the octahedra from the untilted cubic phase,
and the presence of a potential double well. Although the
depth of the well is not directly determined by the energy
of the soft phonon, a harder soft phonon points in the di-
rection of a shallower potential well, which would be easier
to reverse (Appendix B). In addition, the localization of the
LWFs (related to the rotation of an octahedron following
the soft phonon) gives an idea of the coupling with nearby
LWFs. This localization is related to the curvature of the
phonon dispersion d?E /dq?, so that a flat dispersion gives
more localized LWFs, weaker interaction with neighbors, and
thus octahedral rotations easier to reverse. A fast screening of
phonons in the MaterialsProject data set [58,59] for sim-
ple perovskites identifies NaTaO3, SrSnO3, KCaF;, RbCaF;,
PrAlO;, SrHfO3;, and NaNbO; as promising candidates to
propagate local tilt distortions to long distances. It remains
to be checked if (and which) substitutional defects show off
centering and induce local dipole moments in these systems. It
is worth stressing that the database mentioned above does not
include many transition metal oxides which host interesting
spin, charge, and orbital properties which can be tuned by the
octahedral rotations.

One example in which defects have been used to tune the
electronic properties via deformation of the octahedral rota-
tions is La doping in NaTaO3, where a gradient in the spatial
distribution of dopants has been shown to induce a bending in
the conduction band that favors electron-hole separation for
photocatalysis [56]. This example poses an additional ingredi-
ent in the discussion, as the dopant has a different ionic charge
than the atom it substitutes (La>* vs Na™). This is not the case
in the system that we studied here (AI** vs La**) and hence
the effect on the physical properties is purely based on the
distortion on the octahedral rotations (and not other effects,
such as valence state, or magnetic moments, for example).
However, we did verify the behavior of the defect in different
charge states (see details in the Supplemental Material [28],
including Ref. [78] therein). Al;, has an in-gap defect level
which can trap up to two electrons. If the level is fully occu-
pied, the ground-state configuration of the system lacks the off
centering and the local dipole is suppressed. The question of
whether electronic photoexcitations could be used to activate
the defect polarization, or its switching, is beyond the scope
of this work.

Here we have only considered an ordered distribution of
defects, with relatively low concentrations, which give local
dipoles (polar nanoregions, PNR). These PNRs would be ran-
domly distributed, along the [110], [101], or [011] directions,
and the total net polarization would be canceled. Nevertheless,
there is a long history of research on the switching properties
of PNR in the so-called relaxor ferroelectrics. Application of
an external electric field can shift the direction of the dipole
(by migration of the off-centered defect to a different site), as
we have investigated. However, more complex scenarios can
be envisioned where different defects interact with each other.
Antisite Tig, defects in SrTiO3 have been shown to bound to
oxygen vacancies, affecting the dipole of the complex defect,
and increasing the activation barrier for polarization switching
[19,22]. A similar effect can be expected for Al , in LaAlOs3.
Furthermore, it is possible that different substitutional defects
occupy the two distinct A sites, which would give opposite
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polarizations (+P and —P), and a further increase in the
switching barrier. One possible route to mitigate this issue re-
quires breaking the symmetry of the A site, for example, using
double perovskites (A/A")B,Og, so that the substitution can be
favored in one particular site, giving a preferential polarization
direction. These scenarios require further investigation.

In perovskites the structural, electronic, and magnetic
properties are often strongly coupled with the oxygen octa-
hedra rotations. Some other lattice distortion modes, like the
Jahn-Teller distortion in the manganites, titanates, and vana-
dates, or the breathing distortion in the nickelates and ferrites,
which are related to the metal-insulator transition, can be
modulated by the octahedral rotation through phonon-phonon
coupling [60-64]. Moreover, the octahedra rotation modulates
the overlap of the orbitals on the B site and the oxygen p
orbitals, thus tuning the bandwidth which is essential in the
Mott-Hubbard physics. This also affects the superexchange
and double exchange in magnetic materials which follow the
Goodenough-Kanamori rules [65-68]. The octahedra rotation
pattern is also decisive for the Dzyloshinskii-Moriya interac-
tion (DMI), which is directly related to the B-O-B bond angle
[69,70]. The DMI leads to weak ferromagnetism [71] and
its modulation by electric field leads to new possibilities for
magnetoelectric coupling [12]. Therefore, dynamical tuning
of the octahedral rotation by polar defects can bridge the
electronic/structural /magnetic properties, which can not be
easily achieved in most pristine structures. Since the method
proposed here is likely to be general for perovskites, we ex-
pect it will trigger further investigation for a broad range of
possible applications.

V. CONCLUSION

In conclusion, we propose a method for tuning octahedral
rotation based on defect engineering, which can be widely ex-
trapolated to ABOj3; oxides with perovskitelike structure. The
dynamic control can be achieved by coupling electric poten-
tials to the local dipole moment induced by the off centering of
the substitutional defect. The concept has been demonstrated
by DFT calculations on a common antisite defect in LaAlQOs3,
where the strong coupling to the oxygen sublattice, and the
low barrier for switching the position of the defect enables
dynamic control of the physical properties that are sensitive to
B-0 bonds, including electronic, magnetic, and optical char-
acteristics. A simple model based on lattice Wannier functions
allows to draw some guiding principles for selecting materials
where the long-range propagation of local octahedral rotations
is possible, with moderate defect concentrations. This method
can be combined with other approaches to tune the octahedral
rotations in multifunctional materials, such as strain engineer-
ing or interfacial coupling, opening new exciting opportunities
for future research.
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APPENDIX A: LATTICE WANNIER FUNCTION MODEL

Using large supercells in DFT simulations is compu-
tationally challenging. Instead, we have used an effective
Landau-type lattice model based on lattice Wannier func-
tions (LWF) to study the long-range dynamics of octahedral
rotation distortions at finite temperatures. This method has
been previously applied to study ferroelectric phase transi-
tions [37]. In analogy to the electronic Wannier functions,
LWEF are a set of localized functions in real space, which
can be seen as a Fourier transformation from a subset of the
phonon Bloch functions. The phonon subset (in this case,
octahedral rotations) can be selected from a defined energy
range in the vibrational spectra. The selected LWF’s form an
ideal minimal basis set that describes the local rotation distor-
tions. In the harmonic approximation the model preserves the
unstable phonons. However, anharmonic terms can be easily
fitted thanks to the reduced number of degree of freedom.

Here, the LWF’s and the corresponding lattice Hamiltonian
are constructed from the selected columns of density matrix
in k space (SCDM-k) method [72-74] as implemented in the
BANDDOWNFOLDER [75] package. Although the SCDM-k has
been introduced for electronic Wannier functions, it can be
extended to lattice Wannier functions. The basic idea behind
this method is that the columns of the density matrix p are
usually localized, and thus could be used as Wannier func-
tions. The columns with indices C, denoted as p¢, are selected
to best approximately span the columns of p, with the rank
revealing QR decomposition, where Q is an orthogonal matrix
and R is an upper triangular matrix. The density matrix is
defined as p = WFW', where ¥ are the wave functions, and
F the occupations. For electrons, F is determined by the
Fermi distribution function, although it can be generalized
to any function that represents the weights of eigenmodes.
Among the most commonly used functions are the Gaussian
which select the bands around a value within certain width,
the unity function which include all the bands equally, and the
Fermi function which selects the bands below a value. Smooth
functions are often used, e.g., Fermi function with a large
smearing. For lattice Wannier functions, ¥ are the phonon
eigenmodes.

In the crystal structure, the density matrix can be defined
for each wave vector g (for electrons, k is often used, thus,
the method is named as SCDM-k), pq = \Iqu\Ilg. The same
method for selection of the rows (the indices of rows is de-
noted as C, which has the size of the number of Wannier

224112-7



JIA, HE, AKHTAR, HERRANZ, AND PRUNEDA

PHYSICAL REVIEW B 105, 224112 (2022)

QY

Eigenvalue (eV/A?2)

r X M G R M

FIG. 5. The eigenvalues of the IFC’s (blue) and the LWF (green)
band structure.

functions) can be applied to one so-called anchor point g.
Then, the same columns are selected for the rest of g points,
denoted as pc(G). By transforming it from the reciprocal space
to real space, the LWF’s can be calculated as the columns of
cu(fé) = fquZ ,oc(c])e”"ﬁdq, where R is the cell vector.

To build the LWF’s, we take the interatomic force constants
(IFCs) of cubic LAO as an input. A Fermi function with
Fermi energy at 0 eV and smearing of 0.3 eV is taken as a
weight function to make sure that the negative eigenmodes
are well represented by the LWF. The large smearing makes
the fitting smoother. The description of the dispersion curves
using LWFs is in good agreement with the unstable phonon
branches obtained directly from the IFC (Fig. 5), especially
in the proximity to the unstable modes at the R point, § =
(%, %, %), responsible for the antiphase octahedral rotations
that describe the rhombohedral a”a~a™ phase.

The energy is written as a Landau-type expansion with W;,
the amplitude of the LWF’s, as order parameters:

E = "D WW;+ Y GW/,

ij i

(AD)

where the first term gives the harmonic term, and the sec-
ond term includes an onsite higher-order contribution. D;;
is calculated from construction of the LWF’s, while Cy4 is
obtained from a fitting to the DFT energies for various random
W;. The second-order derivative of the energy with respect
to the octahedral rotation is negative at W; = 0, which gives
the phonon instablity and is compensated by the positive
fourth-order term as the amplitude increases. This minimalist
model, including the lowest-order inter-LWF interaction, and
the second- and fourth-order intra-LWF interaction, captures
the essential physics: The correlation between the neighbor-
ing rotations and the instability of the rotations. For a more
accurate study, the stable phonon branches and the interac-
tions between them, the inter-LWF anharmonic terms, or the
coupling with strains fields, should be considered. However,
in this work, we focus on the understanding of the essential
physics and avoid these complexities.

With this model, we run NVT dynamics at various tem-
peratures with a modest computational cost. The initial-state
configuration is set to the pristine structure, except for the
close neighborhood to the defect, which is fixed to a reversed-

0.20 —— LWF1
LWF2

0.15; ——
\ LWF3

Amplitude (4)
o
=
o

0 500 1000

Temperature (K)

FIG. 6. The average amplitude of the LWF’s ((W)) as functions
of temperature. The three lines represent the three LWF’s in each
unit cell.

state configuration (as shown in the upper left 2 x 2 corner
cells in Fig. 4 and Fig. S2 [28]). We then run NVT lattice dy-
namics, with a time step of 0.1 fs for a total run of 3.6 ps, using
different supercell sizes to check whether the local inversion
can propagate throughout the system.

We multiply the amplitude of the LWF’s by the phase
factor of the cell it is centered at to get the amplitude of
the phonon at § = (%, %, %). Thus, we define the “staggered”
amplitude for each LWF: WiS = W, exp(iG - R;), where R; is
the cell vector for the corresponding LWF.

In each unit cell, there are three LWF’s corresponding to
the three phonon branches at R. We can calculate the averaged
value (WS) = + S"¥ | WS for a fixed temperature, as shown in
Fig. 6. The averaged amplitudes of the three LWF’s are about
the same at low temperatures (R3c phase), and decreases with
increasing temperatures until it eventually falls to O for the
cubic phase transition point at about 800 K, in agreement with
the experimental 7¢ of 800 K [76]. Although this remarkable
agreement is to some extent a coincidence, it shows the model
captures quite well the essential physics for the structural
transitions.

APPENDIX B: FACTORS AFFECTING THE PROPAGATION
OF THE OCTAHEDRAL ROTATION DEFORMATION

In order to understand the factors that influence the prop-
agation of the rotation pattern, we consider the behavior of
each local octahedral rotation in a mean-field approximation,
rewriting the LWF Hamiltonian:

H = Ay ®* + Ay ®* + Buy @ (Dy), (B1)

where ® represents the staggered local distortion amplitude.
The first two terms give the potential double well, which gives
two stable configurations with positive or negative octahedral
rotations. The B in the third term is the coupling strength
that couples @ with the “mean value” of the neighboring
sites (®y), and ny is the number of neighbors. The energy
landscape is shown in Fig. 7. If the coupling factor B is weak,
the two minima are equivalent (black solid line in the figure).
However, a stronger coupling breaks the £&® symmetry and
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FIG. 7. The schematic view of the potential energy surface by
varying the amplitude of the rotation. Solid black: The symmetric po-
tential well from the self-interaction” terms. Dotted blue: The mean
field of the interaction with neighboring sites are added. Compared
with the blue curve, the green dashed curve has a stronger coupling,
and the red (dashed-dotted) curve has a shallower double well.

favors one particular configuration, affecting also the energy
barrier between them (blue dotted line).

Let us assume that the initial state is at ® < 0. For the
cells close to the defect, (®) is the result of the competi-
tion between the cells constrained by the defect (which are
more strongly bound than the double-well minima) and the
free-moving ones with negative amplitude. Initially, (®y) < O

as the constrained cells are outnumbered by the free ones.
The probability for the local rotation to switch is related to
the barrier of the transition. The depth of the potential well
(determined by the first two terms) and the coupling strength B
(third term in the equation) essentially defines the shape of the
energy barrier. These parameters can be linked to the phonon
dispersion curves, and can be used to prescreen promising
materials for future investigations. First, a soft-phonon mode
must exist to enable the double-well structure and exponta-
neous rotation of the octahedra. The harder this phonon, the
shallower the potential well is, making it easier for the octa-
hedra to reverse upon a perturbation (red line in the figure).
In addition, the curvature of the dispersion energy of the ro-
tation phonon with respect to the wave vector d’E /dq* gives
an idea of the localization of the phonon. A flat dispersion
corresponds to a more localized LWF phonon, which will have
weaker interactions with its neighbors (B), and lower barrier
for switching the direction of the rotation. On the opposite, a
more dispersive soft-phonon branch gives stronger coupling
and more difficult octahedral switching (green line). While
this can provide some rough guidelines, there are no easy
and general criteria for selecting the materials as the coupling
between the octahedral rotation with other lattice distortions
can be more complex, and could vary from case to case.
Not only the chemistry, but also the pattern of the octahedra
rotation (symmetry of the host material) has to be considered.
Here we took a prototypical a~a~a~ structure but there are
others. Preliminary work on some a~b~c* structures shows
that they can also be switched.
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