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ABSTRACT: Noncentrosymmetric (NCS) phases are seldom seen

in layered A,BO, Ruddlesden—Popper (214 RP) oxides. In this
work, we uncover the underlying crystallographic symmetry
restrictions that enforce the spatial parity operation of inversion o
and then subsequently show how to lift them to achieve NCS
structures. Simple octahedral distortions alone, while impacting the (D)
electronic and magnetic properties, are insufficient. We show using
group theory that the condensation of two distortion modes, which
describe suitable symmetry unique octahedral distortions or a
combination of a single octahedral distortion with a “compositional”
A or B cation ordering mode, is able to transform the
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centrosymmetric aristotype into a NCS structure. With these symmetry guidelines, we formulate a data-driven model founded
on Bayesian inference that allows us to rationally search for combinations of A- and B-site elements satisfying the inversion
symmetry lifting criterion. We describe the general methodology and apply it to 214 iridates with A** cations, identifying RP-
structured Ca,IrO, as a potential NCS oxide, which we evaluate with density functional theory. We find a strong energetic
competition between two closely related polar and nonpolar low-energy crystal structures in Ca,IrO, and suggest pathways to

stabilize the NCS structure.

Noncentrosymmetric (NCS) solids lack an inversion
center. In crystalline materials, the atomic arrangements
that remove inversion symmetry' enable a number of
technologically relevant macroscopic properties, including
ferroelectricity, piezoelectricity, second-harmonic generation,
and optical gyrotropy.” Medical imaging technologies and
optical networks demand such high-performing inorganic
materials with acentric properties; however, due to the
overwhelmingly large chemical and structural phase space, a
thorough exploration in search of new NCS materials for such
applications sans design guidelines can be a formidable task.
Recently, this discovery process has been accelerated by
applied theoretical crystallography,®* where the objective is
transformed into (i) identifying suitable topologies, approx-
imate geometric arrangements of structural building units, that
lift inversion symmetry, hence giving rise to NCS crystal
structures, and then (ii) searching for microscopic mechanisms
and external conditions to energetically stabilize those geo-
metries. Such information may guide experimental explorations,
whereby the synthetic efforts are focused on the theory-
informed and more manageable structural data set.
Theoretical crystallography studies of this type have been
extensively applied to the perovskite ABO; oxides in search of
symmetry rules that impose constraints on the operation of
inversion.*”® The guidelines result by considering how changes
in point group and translation symmetry occur within a
centrosymmetric (CS) space group of parent ABO; (Pm3m) by
adding either polar or nonpolar atomic displacements patterns,
which transform as irreducible representations (irreps) of the

-4 ACS Publications  © 2013 American Chemical Society

336

parent phase at various high-symmetry points in the reciprocal
k-space to form hettotypes.

While cooperative first-order Jahn—Teller distortions or
octahedral rotations maintain the centricity of the perovskite
structure,” recently applied group theoretical arguments have
shown that the combination of cation ordering and octahedral
rotations are sufficient to inversion symmetry in ordered
(A/A")B,O;4 perovskites without acentric atomic displace-
ments.*"'® Our interest in (ABO;),.,/(AO) Ruddlesden—
Popper (214, RP) compounds stems from their layered two-
dimensional (2D) topology."' The RP crystal structure may be
derived from the perovskite structure by considering variations
in layers of ABO; perovskite blocks stacked along the [001]
direction with an extra sheet of an AO rocksalt layer interleaved
every n layers (Figure 1). The reduced dimensionality derives
from the stacking sequence of two disconnected BOy layers of
octahedra along [001]. Yet, the layering maintains the centricity
of the aristotype phase with space group symmetry I4/mmm.
Nonetheless, the geometry imposes severe constraints on the
nearest-neighbor interactions,'* promoting anisotropy in the
structure-derived electronic, transport, and magnetic properties,
which contrasts sharply with their 3D perovskite analogues.'*'*

Interestingly, our survey of reported crystal structures and
chemistries for 214 RP oxides reveals that NCS structures are
exceedingly rare (Figure 2). One of the reasons behind this
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Figure 1. Relationship between octahedral connectivity of Rud-
dlesden—Popper phases (ABO,),/(AO) with different dimensionality
(n) and the perovskite structure. (a) The n = 1 RP phase has a single
layer of octahedra that are connected in two-dimensions, shown in
brackets, whereas there is no connectivity in the third dimension. (b)
The n = 2 RP phase contains two layers of octahedra connected in 3D,
but beyond which, there is no further connection between perovskite-
like layers. (c) The limit of n—o0 recovers the perovskite structure
with complete 3D BOy connectivity.
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Figure 2. Frequency of occurrence of 214 RP oxides distributed
among the crystallographic space groups. Our survey resulted in a total
of 105 phases, which we note represents only a small fraction of the
overall combinations of hypothetically feasible chemistries. Except two
NCS compounds (space group, Imm2), Pb,TiO, and La,Sr,LiRuOy
(triangle, red), there are no other reports of NCS phases in 214 RP
oxides.

paucity of NCS structures in 214 (n = 1) RP oxides, even when
the octahedral site is occupied by second-order Jahn—Teller
(SOJT) active cations such as Ti*, is attributed to the layered
RP topology.'® The disconnected TiO4 octhaedral layers in
Sr,TiO, destroy the coherency required for cooperative off-
centering displacements.'® On the other hand, when the Sr A-
site cation is replaced by the stereochemically active Pb*"
cation, a stable NCS polar space group Imm?2 is predicted for
Pb,TiO, at the density functional theory (DFT) level even for
the n = 1 with broken Ti—O—Ti chains;'” albeit Pb,TiO, has
not yet been successfully synthesized. The only known polar n
= 1 RP oxide that has been experimentally synthesized is the A-
and B-site ordered (La,Sr,)(LiRu)Og compound, which is
reported in the NCS Imm2 space group.'® While the origin of
ferroelectricity in Pb,TiO, has been attributed to the
stereochemical and SOJT activity of Pb** and Ti*" cations,
respectively, cation ordering on the A-site is crucial to removing
inversion symmetry in La,Sr,LiRuQOg. Besides polar Pb,TiO,
and La,Sr,LiRuOg, Ca,MnO, is another example where
experimental data indicate a possible polar structure. The
coexistence of centrosymmetric and noncentrosymmetric
phases within the same ceramic matrix,’® however, make
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identification of the ground state ambiguous. Most researchers
assign Ca,MnO, to a centrosymmetric space group (I4,/acd). 20

Motivated by our own earlier studies on inversion symmetry
breaking in 3D perovskite oxides and this scarcity of NCS 214
RP oxides, we report here a group theoretical (GT) analysis of
the 214 RP structure with an emphasis on uncovering whether
the interplay of cooperative atomic displacements, mainly
structural distortions to the BOg units and/or cation ordering,
gives way to NCS phases. We show that the coupling of two
“distortion modes” is a necessary condition to lift inversion
symmetry in 214 RP oxides in the absence of second-order
Jahn—Teller cations. Data-mining methods establish a
quantitative linkage between structural distortions and specific
chemical elements in the crystal structure by exploiting our GT
results with available experimental structural data. A proba-
bilistic model, whose foundation lies in the Bayesian inference,
is constructed to estimate the posterior probability of realizing
such distortions given a particular chemical species. We then
describe how to search for combinations of A- and B-site atoms
that satisfy the multiple distortion criterion for lifting inversion
symmetry. This protocol identifies Ca,IrO, as a potential NCS
oxide. The prediction is tested at the density functional theory
level by computing the relative energetic stabilities of ten
different crystal symmetries, revealing RP-structured Ca,IrO, is
near a CS and NCS structural phase boundary.

B APPROACH AND METHODS

Group Theory and Data Mining Methods. We study
hypothetical structural phase transitions in 214 RP structures to
understand how multiple distortions may drive transitions to crystal
symmetries lackmg inversion centers. We treat this as an inverse
Landau problem,”"** where when given a high-symmetry structure H
and a distorted low-symmetry structure L, which is a subgroup of H,
the goal is to find the irreducible representations (irreps) of H and the
corresponding order parameter directions (OPD) that determine the
transition. We examine the group—subgroup relationships between
crystal symmetries of compounds that are known to exist and
enumerate the permitted space groups and OPD for multiple
distortions. Although earlier studles examined the group—subgroup
relationships in RP compounds,” none have investigated in detail A/
A’ or B/B’ cation ordering, coupling between two or more octahedral
distortions (tilt or Jahn—Teller modes), or coupling between
octahedral distortions and cation order. In this context, we also
focus on the physical displacements that occur across that transition,
i.e, attempting to understand and predict chemistries conducive to
producing structures without inversion symmetry.

Although group theory offers the required mathematical rigor to
study the inverse Landau problem and has been successfully applied to
describe H—L phase transitions for various crystal systems,”*** the
derived guidelines instructing how to lift inversion symmetry remain
strictly mathematical. When taken alone, they cannot make predictions
of candidate chemistries for new NCS 214 RP oxides. We overcome
this limitation by integrating the GT methods with data-mining
approaches and DFT calculations. Details of the 214 RP oxide
database construction and formulation of Bayes’ rules are described
further below.

The high-symmetry structure, H, is the aristotype I4/mmm
containing two formula units per unit cell and two disconnected
layers of octahedra (Figure 1). The occupied Wyckoff positions are
specified in Table 1. The low-symmetry structures, L, are the
hettotypes (summarized in Figure 2). [The compositions and
references for these phases are available in the Supporting
Information.] We interpret the H—L transition as second-order,
where the order parameters are normal modes of lattice vibration,
atomic-site ordering, or strain that are readily identified by irreps and
wavevectors at high-symmetry k-points in the Brillouin zone (BZ) of
the aristotype (Table 2). We employ the group theoretical packages
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Table 1. Occupied Wyckoff Positions and Site Symmetries
for the A,BO, Phase with I4/mmm (a = b < ¢) Symmetry”

atom Wyck. site site symm. x y z
A 4e 4mm 0 0 u
B 2a 4/mmm 0 0 0
o(1) 4¢ mmm 1/2 0 0
0(2) 4c mmm 0 0 v

“The positions u and v are free parameters allowed to vary within the
space group.

Table 2. Wavevectors for Irreps in the High-Symmetry
Points of the I4/mmm BZ and the Volume Change Q'/Q
due to Condensation of a Symmetry-Adapted Mode within
That Star

k-point wavevector Q'/Q
r (0,0,0) 1-2
X (1/2),(1/2),0) 2
P (1/2),(1/2),(1/2) 4
M (1,1,1) 1

ISOTROPY*® and ISODISTORT to identify these irreps, which
follow the Miller and Love convention®” and the “2011 notation” of
Stokes and Hatch.”®

Electronic Structure Calculations. DFT calculations on Ca,IrO,
are performed using the projector-augmented wave (PAW) formalism
as implemented in the Vienna Ab initio Simulation Package
(VASP)**° within the revised generalized gradient approximation
for densely packed solids (PBEsol).*" A 550 eV plane-wave cutoff was
used, and k-space inte%rations were performed on a 7 X 7 X 3
Monkhorst-Pack mesh.** A Gaussian smearing width of 0.02 €V was
used for the Brillouin zone integrations. In all structural configurations,
ferromagnetic spin order was imposed on the Ir cations, and the lattice
parameters and atomic coordinates fully relaxed to within a
convergence tolerance of 0.1 meV/A for forces and 107% eV for
total energy. Although Ir belongs to the Sd transition-metal series,
where we would expect weak correlations but strong spin—orbit (SO)
coupling, we do not explicitly include SO interactions or enhanced
electron—electron interactions.>* From previous studies on iridates, we
find that such corrections do not significantly alter the description of
the crystalline structure,®* which is the focus of the present work,
whereas they do renormalize the electronic structure.

B RESULTS AND DISCUSSION

Distortion Modes in Experimental 214 RP Oxides.
Among the nine existing hettotypes (Figure 2), the centrosym-
metric Cmca and Pbca occur most frequently. The issue of
space-group frequencies has been studied before; see, for
example, the review by Brock and Dunitz.”® In particular, it was
found that materials with inversion symmetry are strongly
favored (undistorted phases), because they reduce the number
of “like—like” interactions in the crystalline state. The hettotype
distribution may be further subdivided into five distinct groups
according to the micropscopic distortions present relative to
I4/mmm: (a) octahedral tilt modes (Cmca, P4,/ncm, Pecn, and
I4,/acd), (b) A/A’ cation ordering that may (not) include
octahedral tilts (P4/nmm and Pbcm), (c) Jahn—Teller and
octahedral distortions (Pbca), (d) ferroelectric or polar
distortions (Imm2), (e) combination of A and B cation
ordering (Imm2), and (f) ferroelastic or nonzero strain
components (Fmmm).

In 214 RP oxides, it suffices to capture the general trends
appearing in Figure 2 by using the well-established empirical
tolerance factor model (£)* and crystal packing arguments.
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Unlike the three-dimensional perovskites where t = 1 is
indicative of an undistorted structure, in the n = 1 RP phases,
the susceptibility to resist distortion exists over a much larger
range. In other words, the stability field for the undistorted
tetragonal structure is wider: 0.907 < t < 1. Indeed, the stability
criterion is satisfied by ~30 of the known 214 RP oxides.*®
One reason for the wider stability field when compared to
perovskites may be ascribed to the rigidity of the intervening
rock-salt layers.”” When the size of the A cation is large relative
to the B cation, the network of BOg octahedra is under tension.
Tilting of the BOg unit is considered to be unfavorable, because
it would require a shortening of the A—O bonds, whereas the n
= 1 RP would instead prefer to lengthen the A—O bonds. This
distortion is accommodated by increasing the interlayer AO
separation, relieving the chemical pressure. As a result of the
disconnected structure, the BOg octahedron may distort
without tilting or further symmetry reduction.®® Thus, the
observation of certain distortions appearing more frequently
relative to others may be understood to result from a complex
interplay between chemistry, lattice stresses, and the topology
of 214 RP structures, which we note merits further attention.
Figure 3 depicts the group—subgroup relationship between
the aristotype and the experimentally observed hettotypes along
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Figure 3. Group—subgroup relationships among the space groups of
experimentally observed 214 RP oxides. Each structural distortion is
associated with an irrep of the parent space group I4/mmm, with black
color irreps indicating octahedral distortions, blue colors for A/A’
cation ordering, and red colors for B cation ordering. Coupled irreps
are represented using the @ symbol, and shaded space groups are
NCS. This figure should be read in conjunction with Table 3, where
the exact order parameter directions (OPD) are given. Lines
connecting space groups indicate that phase transition is allowed to
be continuous in Landau theory.

with the irrep labels accounting for the symmetry reduction.
Table 3 summarizes the relevant order parameter directions
(OPD) and physical distortion mode representations (MR). In
the remainder of this section, we focus on observed octahedral
tilt modes and cation ordering. Before proceeding, however, we
make two notes: Some of the experimentally observed 214 RP
oxides exhibit distortions described by irrep I'j, with OPD (7,),
which is associated with shear strain and the 214 structures may
include the 2D irrep I's with OPD (#,,0) that produces Imm2
symmetry through a set of “proper” ferroelectric displacements.
The Imm?2 symmetry may also be stabilized in a 214 RP oxide
owing to the coexistence of A and B cation ordering, whose
action is described by the superposition of irreps P,@I5 or
P,®M;.

Octahedral Tilt Modes. The octahedral tilt modes found in
the experimental structures are associated with irreps of
symmetry X3, X;@®X}, and P, The two-dimensional (2D)
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Table 3. Experimental Distorted Structures Arising from Octahedral Tilting, Jahn-Teller Distortions, Cation Ordering, and the

Interplay between Them®

irreps OPD lattice vectors SG MR

X3 (n, m) \/Za X \/Zb X c P4,/ncm rotations

0, n,) \/Zu X ¢ X \/217 Cmca rotations

(ny, 1) \/ 2a X \/ 2b X ¢ Pccn rotations
P, (n, —11) \/241 X \/217 X 2c I4,/acd rotations
X;DX; (0, ny; 15, 0) \/ 2a X ¢ X \/ 2b Pbca mixed rotations
M3 (m) aXbxc P4/nmm ACO
X;eM; (0, ny; 1) ¢ X \/Zu X \/217 Pbem rotations + ACO
I (ny) \/Za X \/217 X ¢ Fmmm strain
Iy (n,, 0) bXcXa Imm2 polar displacement
P,@I; (s 713) V/2a X \/2b X 2¢ Imm2. BCO and ACO
P,®M; (it 13) V2a x \/2b X 2¢ Imm2 ACO and BCO

“The corresponding irreps, order parameter direction (OPD), approximate unit cell parameters relative to the I4/mmm tetragonal (T) aristotype (a
=b < c), space group (SG), and mode representation (MR) of the distorted structure. Coupled irreps are represented using the @ symbol. ACO and

BCO stand for A-site and B-site cation ordering, respectively.
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Figure 4. Illustration of octahedral tilt modes experimentally observed in 214 RP oxides. Irreps and the corresponding order parameters responsible
for the primary distortion modes are also indicated. Oxygen atoms and cations are omitted for clarity.

irrep X3 of I4/mmm describes simple out-of-phase rotations of
BOg octahedra, whereby the rotation axes and amplitude are
specified by the OPD (Figure 4a—c). The general order
parameter direction for X;' is a two-component vector, 7 = (171,
11,), where each component #; corresponds to the magnitude of
tilt around the x and y axes of the parent tetragonal (T) 14/
mmm structure. For example, (7, 77,) and (0, 7,) span one-
dimensional subspaces containing one free parameter (7,),
whereas (77, 17,) spans a 2D subspace with two free parameters
(7, and #,). Correspondingly, their actions produce three
distinct structures: P4,/ncm for (1, 17,), Cmca for (0, n,), and
Pcen for (15, 17,) all with a mode representation of octahedral
rotations.
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The I4/mmm—P4,/ncm and I4/mmm— Cmca transitions are
allowed to be second-order, ie. continuous as required by
Landau theory, whereas I4/mmm—Pccn is not. The transition
I4/mmm— Cmca—Pccn, however, through the Cmca inter-
mediate, is allowed to be second-order. The P4,/ncm structure
preserves the tetragonal Bravais lattice, but the cell becomes
primitive. The octahedra in Layer 1 are rotated out-of-phase
about the [100]; direction, but in Layer 2, no rotations occur
about the [100]; axis; instead, the out-of-phase BOg rotations
in Layer 2 occur about the [010]; axis. Similarly, Layer 1 does
not show any rotations about [010]; (Figure 4a); thus, the
perovskite-like layers are related to each other by a 90° rotation.

dx.doi.org/10.1021/ic402283c | Inorg. Chem. 2014, 53, 336—348
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In the Cmca and Pccn distorted structures, the Bravais lattice
becomes orthorhombic. The BOg octahedra in Layers 1 and 2
are found to rotate out-of-phase along [100]; and [010] axes.
In the Cmca structure, the rotation angles are equal along both
directions, whereas in the Pccn structure that requirement is
lifted.

The direct sum X;@X} spans a 2D order-parameter space (0,
11 M 0) and transforms the parent tetragonal structure into an
orthorhombic Pbca structure. In this coupled mode, the Xj
distortion is achieved via the action of a 2D parameter (0, 7,),
containing only one free parameter. It provides the parent
oxygen atom (O1) with two displacive modes, in-phase
octahedral rotation (Figure 4d) or a first-order Jahn—Teller
distortion (Figure 4e). The latter mode manifests as the
expansion and contraction of equatorial B—O bonds (in a two-
in—two-out manner). The chemistry of the B cation, whether it
is Jahn—Teller active or not, would determine the specific mode
pattern. While the I4/mmm— Pbca transition is not continuous,
I4/mmm—Cmca—Pbca through the Cmca intermediate is
continuous.

The 2D irrep P, corresponds to a set of cooperative out-of-
phase octahedral rotations that differ from those described by
either irreps X3 or Xj. Figure 4f shows the complex tilt pattern,
whereby neighboring layers of connected BOg octahedra rotate
out-of-phase relative to each other with equal amplitude, i.e.,
OPD (1, —1;)- To accommodate this tilt pattern, it requires a
cell-doubling distortion along the long crystallographic axis and
a 4, screw operation. Indeed, the crystal symmetry transforms
to I4;/acd, which is one of the more frequently observed
structure types surveyed.

A/A’ Cation Order. Here, we consider the ordered
substitution of cations on the A-site with chemically unique
A’ cations as a digital order—disorder transition. The
“disordered” configuration corresponds to the high-symmetry
A,BO, phase (despite possessing complete ordering and 100%
occupancy of the A-site by a single cation), while the “ordered”
configuration corresponds to an (A,A’)BO, structure. In this
picture, the irrep becomes a “composition mode,” i.e., a scalar
order parameter that fully characterizes the direction and
arrangement of chemically unique A cations.

There are three simple A cation arrangements (A, i = 1..3)
that produce [001]-cation ordering in the (A,A")BO, 214 RP
without changing the number of formula units per cell relative
to the (unordered) A,BO, aristotype (Figure S). Since the
composition is fixed, we decompose each cation-ordered

(a) (b) A,
[001]

(%) (+} (] (+}

040 0,40 040 0,40

ovo ovo ovo ovo
&) () o o

© A, (d) A,

A_BO (A,A)BO,

Figure S. Structures of the simple (A,A’)BO, cation ordering
arrangements (b—d) along the [001] direction in the 214 RP phase
shown relative to the A,BO, aristotype with a single cation occupying
the A-site (a).

structure into metal-oxide layers along the [001] direction to
distinguish the various arrangements:

A,: [A0] — [A’0IBO,IA’0] — [AO]
A,: [AO] — [AOIBO,IA’0] — [A’0]
Ay: [A0] — [A'0IBO,IA0] — [A0]

The key structural-chemistry feature being whether the
chemically distinct AO or A’O layers are separated by a
perovskite block or not.

Each cation-ordered structure in the absence of any atomic
displacements leads to a crystallographic symmetry lowering
relative to the unordered I4/mmm structure. The atomic
structure parameters and site symmetries for the highest-
symmetry (A,A’)BO, compounds are enumerated in Table 4.
The symmetry reduction for each cation ordering arrangement
Ay, A,, and Aj; is described by composition modes which
transform as irreps M}, M3, and I'5 (Figure S), respectively.

Arrangement A, generated by irrep M| (Figure Sb),
removes the body-center tetragonal lattice operations and
renders the cell primitive. The cation order splits the formally
equivalent A-site position into two symmetry unique sites
(symmetry 4mm) and continues to permit freedom for the

Table 4. Crystallographic Data Including the Occupied
Wyckoff Positions (Wyck. Site) for Each Cation Ordering
Arrangement (A;) and Composition Mode Describing the
Transition from A,BO, to (A,A")BO,"

Ay M (11)] a=b<c

P4/mmm (no. 123) a=pf=y=90°
atom Wryck. site site sym. 62 y %
A 2g 4mm 0 0 u
A’ 2h 4mm 1/2 1/2 v
B(1) la 4/mmm 0 0
B(2) 1d 4/mmm 1/2 1/2 1/2
o(1) 2f mmm 0 1/2 0
0(2) 2h 4mm 1/2 1/2 v
0(3) 2g 4mm 0 0 w
0(4) 2e mmm 0 1/2 1/2

A, M5 (1)] a=b<c

P4/nmm (no. 129) a=pf=y=90°
atom Wyck. site site sym. x y z
A 2c 4mm 1/4 1/4 1—u
A 2c 4mm 1/4 1/4 (1/2) + u
B 2c 4mm 1/4 1/4 1/4
0o(1) 4f 2mm 3/4 1/4 3/4
0(2) 2c 4mm 1/4 1/4 v
0(3) 2c 4mm 1/4 1/4 w
Ay 5 ()] a=b<c

T4mm (no. 107) a=p=y=90°
atom Wryck. site site sym. x y z
A 2a 4mm 0 0 (12) —u
A’ 2a 4mm 0 0 (172) +u
B 2a 4mm 0 0 0
0o(1) 2a 4mm 0 1/2 0
0(2) 2a 4mm 0 0 v
0(3) 2a 4mm 0 0 1-v

“Atom positions are given relative to the ideal tetragonal symmetry;
free positions are indicated by italic lowercase Roman letters.
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cations’ z positions. Interestingly, the A/A’ cation ordering
indirectly splits the B cation sites into two orbits (simulta-
neously with the equatorial oxygen sites) and the remaining
oxygen sites in the structure.

The second cation arrangement, described by irrep M3, is
antisymmetric with respect to the inversion (Figure Sc) and
removes inversion in the site-symmetries of all occupied
positions (Table 4). The A-site ordering A—>A/A’ splits the A-
site Wyckoff positions such that 4e—2¢/2c. The O(2) Wyckoff
orbits split in the same manner. This in turn lowers the B-site
symmetry to 4mm, without any splitting of its Wyckoft orbit as
found in A, corresponding to a P4/nmm structure. 214 RP
oxides with arrangement A, are experimentally known to exist,
e.g,, space groups P4/nmm and Pbcm.>®® In the case of P4/
nmm, the octahedra are undistorted, whereas in Pbcm
octahedral tilt modes associated with irrep Xj with OPD
(n,1,) are involved.

The last cation order (Aj;) transforms as irrep I'; and
maintains the body-centered tetragonal lattice, however, it
globally lifts inversion symmetry to yield the polar space group
I4mm. Interestingly, the A; “bi-color” ordering in the 214 RP
structures lifts inversion simply through the compositional
ordering and the bidimensionality of the structure, which does
not occur in 3D A/A’ ordered double perovskites.

We note that the irreps used to describe composition
ordering may also capture the symmetry changes induced by
displacive modes, i.e., describing collective atomic displace-
ments, and may be present simultaneously or as secondary
distortion modes in the transition connecting the aristotype to
the hettotype. The I4/mmm—P4mm phase transition provides
a good example of this behavior. The I4/mmm—P4mm
transition can arise from the direct sum ['5®M;@M] with
the general OPD (;; 77; 73) as shown in Figure 6. In this case,

I4/mmm

[P4/mmm] [P4/nmm] [I4mm]
My My Iy
P4dmm
MeoM; oy

Figure 6. Group—subgroup relationships between CS and NCS
(shaded) space groups arising from A/A’ cation ordering.

any two of the three irreps I';, M5, or M} could serve as the
two active modes across the I4/mmm—P4mm phase transition.
For example, A, cation ordering (irrep M) may favor atomic
distortions that transform like irrep Mj. These two
“distortions” alone, M{@®Mj, would account and produce a
structure with P4mm symmetry, which then allows for
additional (secondary) displacements with I'; symmetry.

B Cation Order. The B-site cation ordering found in
experimental structures is associated with a 2D irrep of
symmetry P, (Figure 7). There are three OPDs, (1, —1,),
(0, n,), and (1, 7,), whose action would result in three
different centrosymmetric space groups: I4,/amd, I4/mmm, and
I4m2, respectively. Among the three OPDs, (17, 7,) is
experimentally found'® to exist in La,Sr,LiRuQOg, which orders
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Figure 7. Structural variants available from B-cation order owing to the
experimentally observed compositional order parameter P;. The OPD
directs the number of inequivalent B cations and the relative
arrangement in the 214 RP structure.

4N 1%

the Li and Ru atoms in the arrangement depicted in Figure 7c.
The main differences in the OPDs appear in the splitting of the
B-site Wyckoff orbits. OPDs (17, —1,), (0, ,), and (1, 17,) split
the B-site into two, three, and four unique Wyckoff sites,
respectively, with a concomitant splitting of the A-site Wyckoff
orbits induced by the B-cation order. Besides P}, the 2D irrep
X] would also result in B-site cation order. Since there are no
experimental observations of B-cation order transforming as
irrep X, we omit its discussion here. The reader is referred to
the Supporting Information for more details about the
crystallographic symmetries available from X{.

Symmetry Consequences from Multiple Modes. We
enumerate the changes in crystallographic symmetry from the
combination of two or more octahedral distortions of the single
experimentally observed modes or the combination of observed
octahedral rotations with the discussed A/A’ cation order.

Coupled Octahedral Tilting. The group—subgroup relation-
ships obtained by coupled multiple rotations are shown in
Figure 8 and summarized in the first block of Table 5. We first

P43 /nem 141 /acd

[Pccn] P22 [Pbca]
X5 X5 oP; X5 P,
Xfop XFoXiep,

Figure 8. Group—subgroup relationships between CS and NCS
(shaded) space groups arising from coupled BOg modes.

consider three tilt systems obtained by the direct sum, X;@®P,,
which may be written as the superposition of tilt patterns given
by the OPDs (171, 73; 112 —112), (0, 1115 11, —12), and (171, 15 713,
—73). The corresponding crystal symmetries of the distorted
phases are P4,2,2, Pbca, and P2,2,2,, respectively, with P4,2,2
and P2,2,2; NCS and chiral (Figure 8).
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Table S. Irreps, Order Parameter Directions (OPD), Lattice
Vectors (a = b < c), and Space Groups (SG) of Distorted
Structures Arising from Coupled Rotational Modes, Neither
Experimentally Observed nor Theoretically Predicted

irreps OPD lattice vectors SG
X;@P, (7 s M =) Vaax V2bx2c P42
(0, 13; My =) V2ax 2 x\/2b  Pbea
(ny 15 11 —113) V2ax2ex \2b P22,
XEDXI®P, (0,757 05 1y —13)  V2aX 2 X \2b P2,
(0, 135 M M35 My —114) 2¢ X \/Zb X \/211 P2,
XGers (ny 135 M) V2b X \/2a X ¢ Pdyem
(0, 1735 1) \/2(1 X \/Zb X ¢ Abm2
(1 15 13) Vabx Vaaxe P
X@X®C; (0, 1y 7 05 115) V2bx V2axc  Pea,
P,@I; (y =135 1) V2a x \/2b x 2 I4d
X;0M; (1 1155 12) Vb x \2axc  Pam
(11 1195 13) V2b x V2a X ¢ P2,2.2
X0X; M5 (0, 1755 1, 0 113) V2ax2ex \/2b  Pea2,
P,&M5y (1 =11 M) 2c X \/Za X \/Zb Ibca
X;OM{ (0 15 1m2) 2a X 2b X ¢ Cmma
0, 135 1) \/Za X ¢ X \/Zb Pmna
(1 15 1) V2a X ¢ x 2b P2/c

We also considered tilt systems for the direct sums: X;BX;
and X;@X;@P,. The superposition of tilt patterns associated
with the direct sum, X;@Xj, do not lift the inversion symmetry.
However, the direct sum X;@X;@P, for the superposition of
tilt patterns associated with order parameters (0, 77,;17,0; 75,
—113) and (0, 7; 115, 135 M4y —11,) yield NCS space groups Pca2,
and P2, respectively. Both Pca2, and P2, are polar yet are
obtained in this case through the combination of two nonpolar
octahedral rotation modes. These tilt modes, if stabilized in an
actual 214 RP oxide, could potentially lead to “hybrid improper
ferroelectricity” (HIF) in those oxides, where two or more
nonpolar modes cooperatively lift inversion symmetry,
permitting ionic displacements that produce a macroscopic
electric polarization. Ca;Mn,0,, which is a n = 2 RP oxide,
fulfills these requirements,40 although the specific modes
slightly differ from those discussed here.

A/A" Cation Order with Octahedral Tilting. The group—
subgroup relationships obtained from direct sums of irreps
associated with A/A’ cation order and octahedral rotation
modes are summarized in Figure 9. The relevant OPDs are

given in the second block of Table S. First, we find that direct
sums involving irrep I'; (arrangement Aj;) always results in
NCS crystal structures.

Although irrep M3 (arrangement A,) did not lead to a NCS
structure alone, we find that the direct sum X;@®M;, which
describes the superposition of tilt patterns with OPDs (17, 7;;
11,) or (11, 7y n3) produces structures with P42,m or P2,2,2
symmetries, respectively. In addition, the direct sum
XXi®dM; (0, 7y; 1y, 0; 73) also yields a NCS crystal
structure (Pca2,). Recall that the direct sum X;@X3 alone, i.e.,
without A cation ordering arrangement A, for the order
parameter directions (0, 7y; 7, 0) results only in a
centrosymmetric Pbca structure. Finally, no direct sum between
rotations explored in this work and irrep M (arrangement A, )
alone would produce a NCS space group.

B-Cation Order with Octahedral Tilting and A-Cation
Order. Although B-site ordering alone does not always lift
inversion symmetry, many NCS structures may be obtained
when it is coupled with symmetry specific tilting modes and A-
site ordering. Table 6 enumerates the available space groups,
and the corresponding group—subgroup diagram capturing the
symmetry relationships is shown in Figure 10. The main result
is that B-cation order, similar to the A-cation order, offers
additional crystal engineering pathways to produce NCS
structures.

Ramifications of the Group Theoretical Analysis. To
summarize, we find many previously unexplored symmetry
pathways through which the cooperative BO4 geometric
distortions may lift inversion symmetry without SOJT-active
ions. First, there are a number of ways to couple two or more
octahedral rotation modes alone without ordering multiple
cations on the A- and B-sites to lift inversion symmetry. On the
other hand, given two A cations, there exist one trivial ordering
that does not change the cell volume (arrangement, Aj, irrep
I';) and removes inversion solely through the composition
ordering sans any distortions to the BOg units. Bicolor A cation
order described by arrangement A, (irrep M3) will also
remove inversion symmetry in the 214 structure when
combined with suitable octahedral rotations. Similarly, B-cation
order described by the experimentally observed compositional
mode P; when combined with suitable octahedral rotations or
A-cation order will also produce NCS structures.

Although these are seemingly simple structural rules
involving A/A’ cation order, B cation order, and octahedral
distortions, there are experimental challenges to achieve precise

’P4/mmm‘ ‘P4/nmm‘ ‘I4mm‘ ’Pbca

o]

XFoMt XFoMt

{P42cm [I4lcd} [Pca21]
XFer\Pol'; XSeX, ol

[Ibca] {P21212]

] XfoXfoM;

[PlZlm] [Ame

XfoMt

PioM; XioM; /[ XieM; Xiols

Xfol;

Figure 9. Group—subgroup relationships among the CS and NCS (shaded) space groups arising from the combination of octahedral rotation modes

and A/A’ cation order.
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Table 6. Irreps, Order Parameter Directions (OPD), Lattice
Vectors (a = b < c), and Space Groups (SG) of Distorted
Structures Arising from B-Site Ordering (P,) and Coupled

Modes
irreps OPD lattice vectors SG

P,®X; 7y =115 0, ) \/Za X \/Zh X2c  Pnma
(0, 135 0, 1,) 2¢ X /2b x \/Za Pnnm
(ny 133 0, 13) \/Za X \/Zh X 2c  Pmn2,
(1, =135 1 1) V2a x \/2b x2c P422
(0, 1735 12y 1) 2b X 2a X 2¢ Cmca
(ny 125 M3 M3) 2a X 2b X 2¢ C222,
(my, =115 1 13) \/Za X 2¢ X \/Zb P2,2,2,
(0, 135 My 13) V/2a X 2¢ X 2b P2,/c
(1 155 113, 1) \/Zb X 2¢ X \/Za P2,

P,®P, 7y =Ny 1y —1) V2a x \/2b x2c  IH2d

P OX;BX; (ny =1y 0, 135 13, 0) \/Za X 2¢ X \/Zb Pna2,

P,@®;T5 1y =135 1) V2b x V2a x 2 Hmd
(0, 35 1m,) V2b x V2ax2  Idmm
(ny 125 13) \/Zb X \/Za X2c  Imm2

P,®M;3 (1, =1y M) \/Zh X \/Za X 2c  Imma
(0, 75 1) \/Zb X \/Za X2  I4mm
(nyy 135 113) \/Zb X \/Za X2  Imm2

P,®&M; (0, 73 M) \/Zb X \/Za X 2¢ I4/mmm
(11, 15 113) V2b X \/2a x2c  Bm2

control over the cation arrangement and select chemistries that
lead to the targeted low-symmetry geometries. Nonetheless,
cation ordered RP oxides have been demonstrated using
advanced solid-state chemistry methods® or thin film growth
methods.* The principal challenge, therefore, is to rationally
select the optimal chemical species; we address this next.
Bayes’ Rules for NCS 214 RP Oxides. Having established
the group—subgroup relationships and discovered potential
symmetry pathways to tailor NCS phases, we seek to address
the crystal chemistry question of whether those inversion
symmetry breaking structural distortions could be realized in
actual 214 RP oxide. Are there particular combinations of A and
B cations that would induce the identified distortion modes to

We begin to address this question by applying Bayes’s rules, a
Bayesian inference-based data-mining approach. Bayes’ rule,
also known as Bayes’ theorem, is one of the well-known data-
mining methods that combine prior experience, p(6), with
observed data or current evidence, p(D), to make inference
[posterior, p(6ID)] about the data.** Mathematically, the
theorem is expressed as

p(DIO)p(6)

0ID) =

T 0
The prior, p(6), is the strength of the belief in (structural
distortions) @ without the data D about chemical elements and
temperature. The posterior, p(6ID), is the strength in the belief
0 when data D about chemical elements and temperature are
given.

In eq 1, p(DIA) is usually referred to as the likelihood. The
objective is to estimate the posterior, p(6ID), from available
structural data about A- and B-site elements (Figure 11), and
temperature (Figure 12) to rapidly screen for A,BO, chemical
compositions and identify new and previously unexplored 214
RP chemistries conducive to the specified distortion patterns
that lift inversion symmetry. One can then use a computational
structure optimization method to compute the relative
stabilities of the predicted phases.

The data-mining approach involves constructing a database
of known compounds from which we extract “patterns” that
give informative atomic site-chemistry and structural distortion
relationships. We create a hybrid experimental and theoretical
database consisting of chemical compositions of 214 RP oxides
and their corresponding crystal structures (Table SI,
Supporting Information) and encode the space groups using
the previously determined irreps of I4/mmm. This allows us to
use the group—subgroup diagrams with our data-driven
structural chemistry models. For example, space group I4,/
acd is encoded as a P, distortion. The Bayes’ rules implemented
in R*® and our source code, along with the database, are
available in the Supporting Information.

Before we demonstrate Bayes’ rules, it should be noted that
our data set (shown in Figure 2) presents critical nontrivial
challenges due to its small sample size, unbalanced nature (not

stabilize a NCS phase?
I4/mmm

[I4/mmm] [141 /ade [Cmca]
Py Py X5
Em?
P
[IZLQb [Pmn21] [02221] [Imm?]
P®P PoX; PeX: Pel; PeXi PeXjoX:
PreMg

Figure 10. Group—subgroup relationships among the CS and NCS (shaded) space groups arising from the combination of B cation order, irrep
P,(17,, 1,) in red, with A/A’ cation order (irrep notations in blue) and octahedral rotation modes (irrep notations in black). Along the I4/mmm—I4/
mmm path, there is no symmetry change; however, the cell size increases by a factor of 4 owing to the multiple B cations. Note that the group—
subgroup relationships obtained from the superposition of OPDs (17, —#;) and (0, ) for irrep P, with the A/A’ cation order and tilting modes are

omitted, because they are not observed experimentally.
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Figure 11. Posterior probabilities that a particular mode distortion, described by irreps of I4/mmm in 214 RP oxides, will be observed given a specific
(a) A-site or (b) B-site element. These plots, when combined with a group—subgroup diagram, make it possible to rationally select A- and B-site
elements conducive to specific structural distortions in 214 RP oxides. The & indicates no tendency to octahedral distortions. The fact that we obtain
nonzero probabilities for any two distortions given the same chemical species indicates that there is an interaction between A- and B-site elements

and temperature, which we do not explicitly deconvolute.
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Figure 12. Estimated posteriors for the belief in structural distortions when data about temperature is given. The binning width determining the
temperature range was chosen arbitrarily. The plot captures the relative tendency for various tilting instabilities as a function of temperature. As a
general trend, the propensity for the BOg octahedra to distort increases with decreasing temperature.

all space groups are evenly distributed), and skewed chemistry
distribution (some A- and B-site elements are studied more
extensively than others). Therefore, to simplify our problem,
we impose several “boundary conditions” that alleviate those
challenges. First, we consider only a subset of compounds,
whose frequency of occurrence is at least seven or more on the
basis of our survey (Figure 2). This limits our search to five
space groups (irreps): I4/mmm (undistorted, @), Cmca (X3),
I4,/acd (P,), Pbca (X3@X}), and Pbem (X3@®M;3). The
constraint also reduces the number of compounds in our data
set from 105 to 89 (88 of these structures are experimental and
1 is theoretical). Next, we treat A- and B-site elements as
independent entities, i.e., we do not directly treat interactions
between A, B, and substitutional elements. The oxidations
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states of the A- and B-site elements are also not explicitly
considered. Finally, interactions between temperature and
chemical elements are omitted.

As a result, we suggest that the insights gained from Bayes’
rule analysis must be interpreted at a qualitative level. We also
note that these simplifying assumptions could be potentially
overcome by developing an alternative data set with a judicious
choice of descriptors, where the oxidation states of the A- and
B-site elements are considered, and by adapting advanced data-
mining methods, e.g., Bayesian-belief networks, support-vector
machines, random forests, and ensemble-decision trees (to
name a few), which would treat the interaction between
chemical elements and temperature on a more quantitative
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Figure 13. DFT computed energies for Ca,IrO, with (a) different crystal symmetries in the 214 RP phase relative to the lowest energy Pbca phase.
(b) There is close competition (near degeneracy) between a low-energy polar and centrosymmetric phase, which is distinguished from one another
by a small buckling of O—Ir—O bond angles described by irrep A;. Vectors indicate direction of atomic displacements from Pbca to the Pca2,
structure. Note that the experimentally observed Ca,IrO, structure with edge-shared octahedra is ~57 meV lower in energy than the explored 214
RP structures, indicating nonequilibrium methods may be needed to stabilize the RP phases.

footing.**~*" We are currently exploring the feasibility of these
methods for a future publication.

How to Determine the Posterior, p(01D)? A simple worked
example for estimating the posterior is discussed here. In our
data set, there were a total of 11 unique A-site and 13 unique B-

site elements. The probability of X;X} distortion P(gx;eax;) =
18/89 = 0.2, and the probability of P, distortion p(6p,) = 7/89
= 0.078. There are 22 occurrences of 214 RP oxides with Ca in
the A-site, obtained from the 18 occurrences with X;Xj3
distortion, 4 occurrences with P, distortion, and no occurrences
with other types of distortions. The overall probability of
finding Ca in the A-site is 22/89 = 0.247, i, p(Dc,) = 0.247.
The likelihood of finding Ca in the A-site given the X;@X}
distortion is estimated as p(Dcan;@x;) = 18/18 = 1. Similarly,
the likelihood of observing Ca element in the A-site given the
P, distortion is estimated as P(Dcalgp) = 4/7 = 0.57, and
finally, the likelihood for any other distortion is zero. The
posterior probabilities are obtained as follows:

1.0 X 0.2
p(OxtxiDca) = oo 0.81
0.57 X 0.078
0,D;,) = ——— =019
P(0/Dc.) 0.247

Bayes’ rule capture one of the key physical features associated
with Ca element in the A-site of the 214 oxides: Among the
BOg octahedra tilts modes, there is a relatively stronger
tendency for the coupled X;@Xj] rotation mode to occur than
the P, tilt distortion. The propensity toward octahedral tilting
could be rationalized on the basis of the relatively small size of
Ca’ in the 214 lattice: simple BO4 octahedral tilts are more
likely to occur so as to produce more favorable bond-valences
for the cations.

Evaluation of Bayes’ Rules. We provide a validation for our
Bayes’ rules using Ba,IrO, RP phase as an example. We note
that Ba,IrO, was not included in our data set to determine the
posterior. Recently, Okabe et al. successfully synthesized
Ba,IrO, using a high-pressure synthesis technique.*® They
determined the crystal structure of Ba,IrO, to be I4/mmm at
293 K. From Figure 11, we learn that, when Ir atoms occupy
the B-site, our estimated posterior probability for P, distortion is
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1.0, which suggests that IrO4 octahedra prefer to strongly
distort with a tilt mode associated with irrep P, (Figure 4f). On
the other hand, when Ba atoms occupy the A-site, our
estimated posterior based on available data for an undistorted
octahedra is 1.0; Ba suppresses the BO4 octahedral rotations.

If we assume that the distortions are additive when we
combine Ba and Ir to form the 214 RP structure, we would
obtain two distinct possibilities: an undistorted Ba,IrO,
structure with space group I4/mmm or a distorted phase
dominated by the P, rotation modes with I4,/acd symmetry.
The first scenario agrees with the experimental work of Okabe
et al,, giving confidence to our Bayes’ rules. We note that, at low
temperatures, however, Ba,IrO, may adopt the distorted 14,/
acd structure. The rationale for this prediction comes from
Figure 12, which captures the posterior probabilities for
structural distortions as a function of temperature. We find
that at lower temperatures the tendency for BO4 octahedra to
distort increases. The measurements by Okabe et al. fall in the
“RT” (290—300 K) range; below that, however, the relative
tendency for the P, BOg distortions increases in the MT and LT
ranges, whereas the probability of 214 oxides with undistorted
octahedra correspondingly decreases. We tested this hypothesis
using zero-Kelvin DFT calculations, which reveal that the
distorted I4,/acd phase is indeed 25 meV/f.u. lower in energy
relative to the undistorted I4/mmm phase. We are unaware of
any temperature-dependent diffraction studies on Ba,IrO, and
suggest the experimental search for the predicted antiferrodis-
tortive I4/mmm—I4,/acd phase transition at low temper-
atures.*

Rational Search for NCS 214 RP Oxides. We now
combine our estimated posteriors (Figure 11) with the group—
subgroup diagram (Figure 6) to search for new NCS 214 RP
oxide chemistries using coupled rotation modes alone. Which
elements should we put on the A- and B-sites? As discussed,
when Ca atoms occupy the A-site, two distortions are generally
observed, X;@®X} and P,. When Ir occupies the B-site, our
estimated posterior probability for P, distortion is 1.0, which
suggests that IrOy4 prefer to distort with a complex tilt pattern
about an axis of rotation along the doubled cell parameter
(Figure 4f). When we combine these cations to form a “virtual”
Ca,)IrO, RP oxide and under the assumption that the
distortions are also additive, we obtain three possible direct
sums, X;PX}, X;@X;@P,, and P, yielding space groups Pbca,
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Pca2,, and I4,/acd, respectively. Of these combinations, only
Pca2, is NCS.

Although previous experimental studies report the successful
synthesis of divalent A-site 214 iridates, including Sr,IrO,,
Ba,IrO,, and Sr,_,LaIrO,***° Ca,IrO, appears to be an
exception. It does not form in the 214 RP phase® but rather
prefers a structure with edge-shared rather than corner-shared
octahedra in the RP topology. Nonetheless, we note that
neither high-pressure synthesis nor epitaxial growth strategies
have been explored to stabilize 214 Ca,IrO, in the RP topology.
Therefore, we continue with our theoretical study with an
optimistic view that the Ca,IrO, RP phase could be
synthesized.

We compute the total energies of Ca,IrO, in the Pbca, Pca2,,
I4,/acd, and seven other symmetries using DFT (Figure 13).
Centrosymmetric Pbca and NCS Pca2,; are found to be the
lowest energy structures among all the candidate geometries:
the aristotype phase is found to be extremely high in energy,
indicating if the RP phase is stable, the structure will be highly
distorted. In addition, the nature of the distortions in Ca,IrO,
(coupled X3, X3, and a third mode described next) is
significantly different from those found in the Mott insulator
St,Ir0,,>> where the primary distortions are described by P,
(I4,/acd).

The primary order parameters™ for the I4/mmm-to-Pbca
transition are the octahedral tilt modes described by the
coupled irreps X3DX3 (0, 775; 175, 0) (see Table 3). Symmetry-
adapted mode decomposition analysis on the relaxed Pbca
structure confirms the above-mentioned primary driving
mechanisms. We identify the amplitudes for displacive modes
described by X; and X3} irreps to be 0.712 and 0.646 A,
respectively. Similar analysis of the fully relaxed Pca2, structure
reveals that the ground state is obtained by the superposition of
modes X;@X;PA;, despite targeting X;BX;PP,. Along the
Ag line of symmetry, there is an alternative pathway for the
structure to distort into the Pca2, space group.

We propose the possible sequence of transitions in RP-
structured Ca,IrO, RP as I4/mmm— Pbca—Pca2,, where 14/
mmm is the high-temperature structure that transforms first to a
distorted (centrosymmetric) Pbca phase and then potentially to
a NCS Pca2, structure upon cooling and under suitable
synthesis conditions. While the roles of Xj and X} irreps in our
optimized Pca2, structure are unambiguous, as their amplitudes
are essentially unchanged from the Pbca geometry, the
amplitude of As [k = (0, 0, g), where 0 < g < (1/2)]
responsible for the symmetry reduction is quite small (0.001)
A. Tt displaces the oxygen atoms along the c-direction in a “zig-
zag” fashion relative to Pbca and includes small Ca displace-
ments (Figure 13b), which reduce the O—Ir—O bond angles by
less than a degree.

This subtle structural difference is responsible for the strong
energetic competition, i.e.,, we compute an energy difference
per formula unit of ~0.15 meV between the two phases (Figure
13b). As a result, we cannot conclusively identify the ground
state as NCS with the present calculations; however, since
epitaxial thin film strain—octahedral rotation coupling is strong
in perovskite-like compounds,®* we are hopeful that the polar
Pca2, structure could be experimentally stabilized using strain
engineering methods. Such approaches have been successful in
stabilizing many nonequilibrium phases.>> At present, we are
exploring the strain and SOI effects in Ca,IrO, with the goal of
determining the optimal conditions to preferentially stabilize
the Pca2, structure to guide subsequent experimentation.
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B SUMMARY

One of the major roadblocks in the discovery of NCS phases in
214 RP oxides has been the lack of symmetry governing design
principles which incorporate chemical information to guide
routes to lift inversion symmetry. In this work, we employed
group theoretical methods to identify the structural distortions
required to remove inversion from the aristotype phase. We
found that simple octahedral tilting and Jahn—Teller ordering
modes, although prevalent, are insufficient to meet this
challenge alone. We discovered that, in combination with
each other or with A or B cation ordering, however, it is
possible to achieve a NCS crystal structure, provided the
octahedral rotations or cation ordering can be energetically
stabilized. The symmetry rules laid the foundation for
establishing crystal-chemistry relationships needed for rational
design of NCS 214 RP oxides. A data-driven probabilistic
model was formulated using Bayes’ theorem to provide an
estimate of the probability of observing a particular distortion
given a specific chemical element. We demonstrated how to
integrate the group theoretical analysis with the probabilistic
model and suggested Ca,IrO, as a potential 214 RP oxide with
a NCS structure. We evaluated the prediction using density
functional theory calculations and found close competition
between a polar and nonpolar phase with the targeted
octahedral rotation modes.
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