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structure type and the barrier to polarization switching should not be prohibitively
these nonpolar structure types are themselves related to other antipolar structure
subgroups and be considered as candidate FEs or antiferroelectrics (AFEs). To the best of our knowledge, the literature shows no
(DFT) calculations to first establish the symmetry relationships in a family of materials and then assess if any of the known members
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nonpolar state. For a material to be considered as a candidate proper FE, their

large. The Na,SiO; structure type is polar, and the Inorganic Crystallographic ‘m‘ t*),.?.
Structure Database shows that some materials in this polar structure type have also

types, where the entries of interest share a common chemical formula of A,BX;. Appearing in multiple structure types might be an
evidence of these materials demonstrating a switchable polarization, nor has there been any prior report on the symmetry
are potentially proper (or improper) FEs or AFEs. Finally, we provide qualitative guidance for future experimental endeavors aimed

ABSTRACT: Ferroelectrics (FEs) are increasingly finding use as solar energy

conversion materials. One of the hallmark signatures of a proper FE is a polar ground w (1;1.
ground-state structure should be classified in a polar space group and/or a polar

been classified in other nonpolar structure types. Further investigation shows that

indication that members of a material family can undergo phase transitions from nonpolar supergroups to polar and antipolar
relationships within this family. Here, we combine crystallographic database mining and first-principles density functional theory
at creating new functional materials from the A,BX; family.

B INTRODUCTION

The last decade has witnessed a dramatic increase in
publications devoted to materials by design, specifically the
use of computation and data mining to study new materials
before they are synthesized.'™* Well-known successes in this
field, where the results of computational modeling and synthetic
advances have worked in tandem to create new materials, are
hybrid perovskites as photovoltaics,”™® complex chalcogenides
as thermoelectrics,”™'* and compositionally tuned iron
pnictides as superconductors.'”'* Many of these new materials
have been made possible by scientists harnessing what has been
coined “the data revolution”; the internet allows for rapid
retrieval of previously inaccessible information, and progress in
semiconductor technology, alongside the concurrent develop-
ment of computer architectures and advanced algorithms, allows
for a multitude of calculations that were previously daunting.
Combining information available through online databases
with first-principles calculations,™"” in this case the Inorganic
Crystal Structure Database (ICSD)'® and density functional
theory (DFT) calculations,"”*" has already led to critical
insights into the design and discovery of new functional
materials that exhibit previously unknown ranges of technolog-
ically relevant properties,”*' ™" as well as the ability to relate
those properties to structural features and create novel
multifunctional materials.”' ~** We can use the crystallographic
information in the ICSD to search for similar and/or related
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materials, group them into families called structure types,*' and
use each database entry as the input for DFT calculations. This is
because each entry in the ICSD is a compound that has been
previously characterized and documented, so there is specific
crystallographic information such as the space group desig-
nation, lattice constants, Wyckoff parameters, and coordinates
for each atom in the structure. These calculations can determine
if a member of the structure type exhibits any functional
property that may have been previously overlooked. Various
search strategies for crystallographic database mining can be
found in refs 15—17, 42, and 43 and examples where this strategy
has yielded new families of functional materials include the half-
Heusler family as piezoelectrics,* the LiGaGe structure type as
ferroelectrics (FEs),” ™" and the MgSrSi structure type as
antiferroelectrics (AFEs).*®

The combination of database mining and DFT calculations is
well-suited in the search for new FEs and AFEs that can be used
as materials for energy generation (FEs) and energy storage
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(AFEs).*~>* Proper ferroelectrics have a polar ground-state
structure whose polarization can be switched (most times by an
external electric field) via a higher-symmetry nonpolar para-
electric intermediate state.*>>> The polar ground states can be
described as symmetry-related distortions of the paraelectric
intermediate state, where the primary structural distortion is a
zone center polar mode. Switching between these states can
often be described as continuous (second order) phase
transitions, exemplified by the polar I' modes that relates the
cubic and tetragonal phases of PbTiO;, BaTiO;, and complex
perovskite superlattices.”>>° Antiferroelectric materials require
two criteria to be met. First, they must have an antipolar ground-
state structure (with net P = 0) that can be switched into polar
states, and second, they need to be close in energy to a FE
state.” This implies that to find new AFEs we may need to find
new example FEs.

One can search for new proper FEs by finding known
materials in a polar space group, symmetry-related nonpolar
structures, and finally, use DFT to compute both the
polarization and estimated barriers to switching between
them. The barrier to switching is approximated as AE, which
is the difference in total energy between the polar and nonpolar
structures. A small AE is an indication of whether a polar
material is likely to be switchable. The DFT-computed AE of the
known FE oxides BaTiO; and PbTiO; are ~0.02 and 0.2 eV/
fu.,>® where the larger AE value has been chosen as an upper
limit or maximum threshold for potential switching in prior
work."”** This metric is a qualitative approximation intended to
reduce the total number of candidate FEs that result from a
DFT-based search. Employing a maximum barrier to switching
creates smaller sets of materials to explore within a family. This
enables targeted sets of future experimental endeavors, focusing
on materials that (i) may already fit textbook definitions of the
functional properties but have previously been unexplored or
(ii) require fine tuning of the experimental parameters such as
atomistic composition or epitaxial strain to adjust phase
transition enthalpies and induce specific responses. The DFT-
computed energy difference underestimates the energy required
to switch states in laboratory-synthesized FE materials, since
switching between the polar and paraelectric states in actual
materials proceeds through complex processes, such as domain
wall nucleation (not taken into account here), and is dependent
upon characteristics of the synthesized materials, such as
thickness and vacancy composition.'”?**%%%°

The search for new FEs and AFEs might not require starting
from scratch; examples may already exist in a set of known
materials that have already been synthesized and characterized,
but previously overlooked as candidate FEs and AFEs.'”*¥*%%
Here, we use a combination of first-principles DFT and database
mining to explore the structure—property relationships of
known oxides and chalcogenides as materials with energy
applications. We focus on the symmetry relations discussed in
the previous paragraphs, which to the best of our knowledge is
the first systematic symmetry analysis applied to this set of
materials. The oxides and chalcogenides studied here distributed
across four known structure types and can be formed through a
variety of synthetic routes that include sol—gel syntheses, molten
hydroxide flux, substitution reactions, and hydrothermal
growth,®'~® making them attractive from a synthetic point of
view as well.

We screen 18 different known combinations of elements that
are found in the ICSD across four known structure types, which
are (a) the nonpolar orthorhombic CsCu,Cl; type, (b) the

antipolar orthorhombic K,SnO; type, (c) the polar ortho-
rhombic Na,SiO; type, and (d) the antipolar monoclinic
Na,CS; type. Our analysis determines that the polar Na,SiO,
type cannot be a proper FE structure type for materials of the
chemical formula A,""B*X;>7, so we instead present routes to
potentially stabilize candidate FEs in symmetry-related polar
structures. Our investigation maps out the phase space of the
known materials, including relative energetics and the barriers to
switch between states, and finally, we go on to compute the
polarization, effective charge, and dielectric constant (where
appropriate) to assess the properties of the family. This
information is then used to inform future design strategies
aimed at creating FEs and AFEs from the members of this family.

B METHODOLOGY

Database Mining and Establishing Crystallographic
Relationships. Guided by previous studies on the classification
of polar structure types,'®* we find that the Na,SiO; family of
materials of Cmc2, symmetry (space group 36, polar) contains
(i) more than SO total entries in the ICSD, (ii) a range of cation
combinations (A'* = Li, Na, K, Rb, Cs, Ag, Cu, and B* = Tij, Si,
Ge, Pb), and (iii) a range of group VI anions (X*~ = O, S). The
set of materials from the Na,SiOj; structure type that we will
include in our study have the general formula A,"*B*'X,*>~ and
are Li,SiOs, Li,GeOs, Na,SiOs, Na,GeO,, K,PbO;, Rb,PbO;,
Cs,PbO;, Cs,TiS;, Cu,SiS;, and Ag,GeS;.

Further scrutiny of the entries in the Na,SiO; structure type
shows that Cs,PbO,*® is also reported in Cmcm (space group 63,
nonpolar) symmetry, in the CsCu,Cl; structure type.”” While
these two structure types appear unrelated, the CsCu,Cl; type
contains at least three different example stoichiometries of
compounds with various oxidation states: Cs'*Cu,'*Cl'",
Ba?*Fe,**S;*”, and Pb*'Cs,'*0;>". The WYCKSPLIT pro-
gram® (hosted at the Bilbao Crystallographic Server®”’®)
shows that the Wyckoff sequence of space group 63 (gec2) can
be related to subgroup 36 (b2a2) without cell doubling, but only
a few members of the CsCu,Cl; type can be related via a
continuous distortion to the lower-symmetry Na,SiOj structure
type. These members have cation oxidation states of 1+ and 4+,
where each cation is located at Wyckoff sites 8¢ and 4,
respectively. Entries in the CsCu,Cl; structure type that adhere
to this symmetry constraint are PbCs, 03, ZrCs, O, TiK,0;, and
ZrCs,Ses, which will be referred to here using the A, B*X;*~
formattin_g for easier comparison. We use the ISODISTORT
program,”’ housed within the ISOTROPY software suite,”” to
find that the two structure types are related by a polar zone
center mode, I'>~, which is one of the irreducible representations
(irreps) of orthorhombic Cmcm symmetry.

A continuous second-order phase transition between
members of the CsCu,Cl; and Na,SiO; structure types is
possible; however, we will still need to compute AE to assess the
likelihood of switchability. While a continuous second-order
phase transition between high- (nonpolar) and low (polar)-
symmetry exists for proper FEs such as BaTiO; and PbTiOj, as
well as the class of ABC hyperferroelectrics, it is not a necessary
condition for all FE behavior.”*~”> There exist classes of
materials called improper FEs, where a nonzero polarization is
induced with no zone center distortions (e.g., YMnO;) and
hybrid improper FEs, where multiple nonpolar structural
distortions combine to break symmetry and allow for a nonzero
polarization through trilinear mode coupling (e.g.,
Ca;Mn,0,).>%"*”7 An advantage to hybrid improper FEs is
that there are potentially multiple switching paths available that
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do not need to include a high-symmetry paraelectric state.”®
While the goal of the work presented here is to search for proper
FEs and related AFEs using symmetry relationships and DFT
calculations, this does not preclude the data generated from this
study from being used to screen for additional types of improper
FE behavior.

Two members of the CsCu,Cl, structure type, K,PbO;”” and
Rb,Pb0O;,* are also reported in Pnma symmetry (space group
62) in the K,SnOj structure type.””®" The K,SnO; structure
type includes two more entries of similar chemical formula,
K,Sn0; and K,ZrOj;, which will be included here. Figure 1

CsCu,Cl, type
Cmcm (63)

K,SnO, type
Pnma (62)

Figure 1. Compared here are the side views of the structure types found
in orthorhombic symmetries Cmcm (space group 63) and Pnma (space
group 62). The A-sites (Li, Na, K) are gold spheres, the B-sites (Si, Ge,
Pb) are blue spheres, and the X-sites are red spheres (O, S, Se). The
dashed black lines indicate the dimensions of the unit cell.

depicts the structural differences between the CsCu,Cl; (space
group 63) and K,SnO; (space group 62) types. This figure
highlights the antipolar displacements in Pnma symmetry that
are absent in Cmcm symmetry; antipolar buckling of the A-sites
is coupled to antipolar buckling of the edge-sharing BXj
pyramids. If the K,SnO; type is antipolar, it may include AFEs
whose functional properties have not yet been investigated. The
Wyckoff sequence of group 63 (gec2) can be related to subgroup
62 (d2c2) using WYCKSPLIT, and a continuous antipolar
distortion can be described using ISODISTORT to relate the
CsCu,Cl; and K,SnOj structure types. This distortion mode is
Y>", an irrep of Cmcm symmetry. Finally, another antipolar
structure type that can be related to the CsCu,Cl; structure type
via continuous distortion, and contains entries of chemical
formula A,"*B* X", is Na,CS;.” This structure type belongs in
C2/c symmetry (space group 15) and contains two entries:
Na,CS; and T1,CS,.%* There is another entry in space group C2/
¢, K,TiS3,*® which is unassigned a structure type but fits into our
Wryckoff sequence and chemical formula rules. The distortion
mode that relates these two structure types is I'**, an irrep of
Cmcm symmetry.

From a materials design perspective, this range of structure
types (polar Na,SiO;, nonpolar CsCu,Cl;, and antipolar
K,PbO; and Na,CS,) are a family of potentially untapped
multifunctional materials: the present work is the first
investigation into the FE and AFE nature of the atomistic
displacements that relate the structure types. Beyond the
mappable phase transitions described in the last three
paragraphs, the A-sites offer a wide range of crystallographic
free parameters to encourage polar displacements, the B-site is
reported to be either 3, 4, or S-fold coordinate, depending upon

the pairing of different species,””***’ and there are two

crystallographically distinct anion X-sites. Taken together, this
suggests that changes in the composition will result in selective
displacement patterns, where additional symmetries can be
stabilized, and warrants exploration of these families of structure
types as materials that are capable of supporting ferroelectricity
and/or antipolar displacements. This idea, combined with the
fact that the dielectric and piezoelectric properties of some polar
members (Li,SiO;, Li;GeOs, Na,GeO;) have been previously
published,””™ as have vibrational spectra and multiple growth
conditions,”>***” could yield an easily synthesizable class of FEs
and AFEs whose entire set of functional properties have
previously gone overlooked.

DFT Modeling. The ground-state calculations presented
here employ periodic DET methods'””*° and are carried out
using ABINIT, an open source software package.””"” All atoms
are represented using optimized norm-conserving Vanderbilt
(ONCV) pseudopotentials’~"* and a plane-wave cutoff of 50
Ry. Bulk structural relaxations use a 6 X 6 X 3 k-point grid,”” and
the convergence criterion for self-consistent relaxations was S X
1076 eV. This criterion allows for AE comparisons down to at
least 1 meV and also results in relaxed structures with maximum
residual forces of ~#1—S meV/A per atom. These stringently
relaxed structures are taken on to density functional
perturbation theory (DFPT) calculations, as implemented in
ABINIT, to compute dynamical matrices, Born effective charges
(Z*), and dielectric constants (¢) for representative bulk
structures.”””> Where applicable, we report polarization using
the Berry phase approach.”®”” All calculations are performed at
the generalized gradient approximation (GGA) level using the
Wu—Cohen (WC)-modified Perdew—Burke—Ernzerhof
(PBE)-GGA exchange-correlation functional for solids.”®"’
We choose the WC-modified PBE-GGA because of its (i)
improved agreement with the experimental structures for a wide
range of semiconductors, including oxides and chalcogenides,mo
(ii) ability to match well the properties of known FEs PbTiO;
and BaTiOs,” and (iii) utility in investigating phase transitions
of FEs,"*" even when compared to meta-GGA functionals.'* To
demonstrate the improvement in the DFT-computed properties
of WC over PBE, we include in Section S4 of the Supporting
Information a brief discussion and comparison of the lattice
parameters and AE for select compositions.

B RESULTS AND DISCUSSION

Atomic Displacement Mode Analysis. For the 18 A,BX,
compositions described above, inspection of the references
given in the ICSD shows that there are potentially related
stoichiometries and structure types. Cs,ZrSe;, Cs,PbO;, and
Cs,ZrO; (in the CsCu,Cl, type) are referred to as related to
Cs,TiS; (in the Na,SiO; type),'** and Cs, TiS; was referred to as
related to K, TiS; (not assigned a type),””'** but to the best of
our knowledge, there has not yet been a systematic investigation
of exactly how the different structure types are related, if at all.
To investigate these relationships beyond the crystallographic
speculations presented in refs 83, 103, and 104, we turn again to
the ISOTROPY’” suite of programs, specifically ISODIS-
TORT’' and ISOCIE. For our atomic displacement mode
analysis, we create crystallographic input files using ISOCIF,
another program in the ISOTROPY suite, based on the
standardized crystallographic information presented in the
ICSD: each 1+ cation is called A, each 4+ cation is called B,
and each 2— anion is called X. This ensures that all known crystal
structures have the same generic chemical formula A,'"B*X;*",

https://dx.doi.org/10.1021/acs.jpcc.0c03093
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Figure 2. Distortion modes from high-symmetry reference structure type npO(C) can be used to describe the displacements to lower-symmetry
subgroup structure types apO(P), pO(C), pO(P), apM(C), and pM(C). Polar structure types and irreps that correspond to polar modes are labeled in
purple text and all others are in black text. The atomic color scheme is the same as before, except the BX, polyhedra are shaded to show connectivity and

changes in relative orientation.

and that the atomic distortion modes, generated using
ISOTROPY, can be compared from a purely structural basis
that is not influenced by atomistic identity across multiple
compositions with different A, B, and X.

For ease of analysis and description, we will refer to each
structure type with the following format: polarization state,
crystal class, and the leading letter of the space group in
parentheses. For example, the CsCu,Cl; structure type is
classified as nonpolar (np) and found in orthorhombic (O)
Cmcem (C) space group 63: it is referred to as the npO(C) type.
The K,SnO; type in space group 62 (antipolar orthorhombic
Pnma symmetry) will be called apO(P), the Na,SiO; type in
space group 36 (polar orthorhombic Cmc2; symmetry) will be
called pO(C), and the Na,CS; type in space group 15 (antipolar
monoclinic C2/c symmetry) will be called apM(C). This means
that apO(P), pO(C), and apM(C) will be considered subgroup
structure types of the npO(C) group structure type, and that
descriptions of atomistic displacement modes will be given with
respect to npO(C). These modes are listed in Figure 2, yielding a
great deal of information when combined with visualization of
each structure type. All crystallographic information needed to
reproduce our DFT-relaxed structures, including lattice
parameters, Wyckoft positions, and origin translations, are
given in Sections S1 and S2 of the Supporting Information.

The I''* irrep is present in all of the symmetry analyses since it
is the totally symmetric representation. This mode couples to
changes in volume between the npO(C) and low-symmetry
structure types and also yields insights into cell strains. What
differentiates the lower-symmetry structure types from each
other are the irreps that are not I'**. Each irrep will be referred to
as primary and secondary modes, where possible. Starting from
the top left-hand side of Figure 2, from the high-symmetry
npO(C) type to lower-symmetry apO(P) type, the primary
distortion mode is the Y>~ irrep that includes minor displace-
ments of A and B cations along the «, y, and z directions and
larger displacements of X anions along the x direction. The net
effect is an antipolar structure. The primary distortion mode that
describes the transition from npO(C) to pO(C) type is a polar
> irrep (top, middle of Figure 2), which includes sizable
displacements of A, B, and C ions in the z direction. These
displacements are large enough to alter the bond connectivity
and change the coordination environment. Inducing this polar

19416

displacement mode changes the edge-sharing BX; square
pyramids into corner-sharing BX, tetrahedra. The net effect of
inducing this distortion is a polar structure type where multiple
bonds have been broken relative to the high-symmetry reference
structure npO(C) type. An illustration of the computed change
in coordinates and connectivity for this phase transition is shown
in Figure 3. Inducing the primary displacement mode that can be

I*{‘o

pO(C)

4— —

“%

®
(3 (217

npO(C) midpoint

Figure 3. Depiction of the change from high-symmetry reference
structure type npO(C) to lower-symmetry subgroup structure type
pO(C) with an extrapolated midpoint. The atomic color scheme is the
same as before, and the BX, bonds that are <2.2 A show changes in
connectivity over a proposed phase transition.

described as the I'** irrep, one can induce a change from the
npO(C) to apM(C) type (top right-hand side of Figure 2). This
mode creates antipolar displacements of A in z, no net
displacements of B, and antipolar displacements of X in y and
z. The apM(C) type has f§ > 90°, so the A and C atoms are no
longer coincidental in Figure 2.

This analysis shows that apO(P) and apM(C) types can be
considered antipolar subgroups of the npO(C) type, and as
shown in Figure 2, that the induced displacements are easily
mappable when compared to the transition between the
npO(C) and pO(C) types. The pO(C) structure type involves
too much reorganization to be considered a ferroelectric
subgroup of npO(C); Figure 3 shows how radically altered
the atoms become over the proposed second-order phase
transition. The biggest changes are (i) the lattice constant a in
most cases is 2—3 A larger than the comparable stoichiometries
in the pO(C) type and (ii) the npO(C) type contains five B—X
bonds and the pO(C) type contains four B—X bonds. These
changes can be rationalized by the displacement patterns
depicted in Figure 3: the A atoms (gold spheres) shift to the

https://dx.doi.org/10.1021/acs.jpcc.0c03093
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Table 1. Tabulated Here are the Ground-State Structure Type (ST,,) and Then the Structure Type That is Energetically Closest
to the Ground State, Which We Term Metastable (ST,,,) for Each A,BX; Composition”

material STy, a b c p
(4) (4) @)
Na,CS, apM(C) 9.917 6297 8.504 107.9
TL,CS, apM(C) 10.884 6.447 9.114 117.8
Li,SiO; pO(C) 9.422 5.409 4652 90.0
Na,SiO; pO(C) 10.479 6.132 4.868 90.0
Li,GeO, pO(C) 9.663 5.508 4.874 90.0
Na,GeO, pO(C) 10.852 6233 4.960 90.0
K,$nO, apO(P) 5.815 10.380 6.987 90.0
K,PbO, apO(P) 6.043 10.603 6.924 90.0
Rb,PbO, apO(P) 6.082 10.925 7316 90.0
Cs,PbO, pM(C) 11316 7709 6.110 90.0
Cu,SiS, pO(C) 10715 6.298 6.053 90.0
Ag,GeS; pO(C) 11.655 6.929 6.455 90.0
K,ZrO4 apO(P) 5.866 10.415 6.925 90.0
K,TiS, apO(P) 6.446 11.748 8227 90.0
K,TiO; npO(P) 10.068 6.868 5.450 90.0
Cs,TiS, npO(C) 12474 8.943 6459 90.0
Cs,Z10, npO(C) 11.206 7.617 5914 90.0
Cs,Z1Se, npO(C) 13.008 9.371 7.084 90.0

ST a b c p AE
(&) 4) @A) (meV)

apO(P) 7.312 11.083 6.607 90.0 124
apO(P) 7.139 9.997 8.028 90.0 30
pM(C) 9.297 5.453 5.418 121.9 132
pO(P) 6.226 8.894 4.967 90.0 557
apM(C) 9.205 5.820 5.263 120.1 114
pO(P) 6.299 9.130 5.267 90.0 330
pO(C) 10.412 6.995 5.806 90.0 6
pO(C) 10.657 6.935 6.027 90.0 3
pO(C) 10.970 7.322 6.075 90.0 3
apO(P) 6.113 11.297 7.712 90.0 2
apO(P) 5.839 9.662 6463 90.0 529
apO(P) 6.145 10.499 7.092 90.0 181
pO(P) 6.931 10.454 5.851 90.0 6
apM(C) 11.698 8.279 6433 93.4 S
npO(C) 10.029 6913 5.443 90.0 1
apM(C) 13.090 9.297 7.085 90.0 1

“Listed for each entry, for the ground state (gs) and metastable state (ms), are the structure types, followed by the lattice parameters 4, b, ¢, f,
where lattice constants are given in units of angstrom. The final column is the difference in total energy per formula unit (AE) between the ground-
state and lowest-energy metastable structure types, in units of millielectronvolt.

right along ¢ as the B atoms (blue spheres) shift to the left, also
along ¢, and as this happens, the X atoms (red spheres) also show
two different sublattice shifts. The X atoms bound to B (along b,
pointing into the plane of the figure) displace to the right and the
X atoms closest to the A atoms left. Representative B—X bond
lengths for the npO(C) and pO(C) types are 1.90 and (4x)2.08
Aand (2x)1.93 and (2X) 2.02 A, respectively. The extrapolated
midpoint in Figure 3 is generated to guide the eye to the changes
that occur as the structure reorganizes and is not a structure type
investigated here. The pO(C) type will not be a proper
ferroelectric if the high-symmetry reference type is npO(C): the
primary polar mode I'*” is too large, creating structural
displacements that are unlikely to be switched.

One can use additional features of the ISOTROPY suite to
ascertain if the primary polar distortion mode, I'*~, can be
coupled to secondary distortions by searching for related
symmetries.'*>'*® As shown in the bottom half of Figure 2, T*~
will couple with additional displacement modes, and the
resulting structures can be described as two new structure
types: pO(P) and pM(C). They are found in polar
orthorhombic Pca2; (space group 29) symmetry and polar
monoclinic Cc (space group 9) symmetry, respectively, and both
pO(P) and pM(C) will be included in our DFT calculations. To
obtain the pO(P) and pM(C) types, one needs to induce
distortions that can be described as multiple irreps of Cmcm
symmetry.

There are a multitude of ways to combine two or more
atomistic displacements to create new polar structure types that
could be classified as proper or improper ferroelectrics. Here, we
choose two to create the pO(P) and pM(C) types. For the
pO(P) type, inducing displacements that can be described using
only the primary Y** mode will yield a structure of nonpolar Pbcn
(60) symmetry, and inducing only the primary Y~ irrep will
yield nonpolar Pbem (57) symmetry. Coupling these irreps will
yield a structure of polar Pca2, (29) symmetry, in which the
polar I distortion acts as a secondary distortion mode.

19417

Stabilizing this new structure type could result in a route to new
examples of hybrid improper ferroelectric that do not include
octahedral rotations. In the new pO(P) type, the atomic
displacements previously observed in the pO(C) type are
present along the ¢ axis, but hindered enough that the pO(P)
type maintains the edge-sharing BX; square-pyramidal geometry
observed in the high-symmetry npO(C) structure type. The
same type of description can be used to understand the new
pM(C) type. It is a combination of primary displacement modes
that can be described as using the I'*" irrep, which previously
gave the apM(C) type, and the > irrep. Inducing both of these
displacement modes results in a new structure type of polar Cc
(9) symmetry. If this type could be stabilized, the pM(C) type
would be a new example proper ferroelectric. This structure type
can also allow for a polar I irrep (which induced by itself
would yield a structure of Ama2 (40) symmetry) to act as a
secondary distortion mode, that if stabilized would be an
example of an improper ferroelectric coupling.

Taken altogether, our symmetry analysis sheds light on the
structure—property relationships of the A,'"B*X;>” family of
materials. We show why the polar Na,SiO; has not previously
demonstrated a ferroelectric effect in experiments and use the
results of this symmetry analysis to postulate the existence of
multiple polar and antipolar structure types of orthorhombic or
monoclinic crystal symmetry that can be classified as proper or
hybrid improper ferroelectrics. In conjunction with DFT
calculations of relaxed structures of related structure types,
this type of symmetry analysis can be used to map out the
potential energy landscape of a family of unexplored, but readily
synthesizable materials.

Analysis of DFT Relaxations. We compute the relaxed
structures of 18 A,BX; combinations across the six structure
types discussed in the previous section. These are the npO(C),
apO(P), pO(C), pO(P), apM(C), and pM(C) types and are
depicted in Figure 2, where the high-symmetry npO(C) type can
be related via continuous displacements to all five lower-
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symmetry structures types. All input structures for DFT
calculations of the apO(P), pO(C), pO(P), apM(C), and
pM(C) type are created by inducing symmetry breaking
distortions from the npO(C) type that are consistent with
each subgroup type. Each of these calculations is initialized with
the atomic displacement patterns that contain the irreps of the
npO(C) type, that appear in Figure 2, and are let fully relax. For
the calculations presented here, we found that the structures
either relaxed in and maintained the symmetry of the structure
type it was initialized in or the structure relaxed into a higher-
symmetry structure type. The latter is common in structures
where the induced atomic displacements are not stable. The
complete set of DFT-relaxed lattice parameters for all 18
combinations appears in Section SI of the Supporting
Information.

Inspection of the tabulated data in Table 1 gives insights into
how cation pairings will result in a set of most likely ground-state
structures. If a late (d'°) transition metal is paired with the main
group elements that preferentially form tetrahedra (Si and Ge),
then the combination will yield a pO(C) structure type as its
ground state. These are the compositions Cu,SiS; and Ag,GeS;.
If an early (d°) transition metal is paired with an alkali cation,
then the combination will yield ground-state structures that are
either the npO(C) or apO(P) type. The compositions that relax
to the npO(C) type are Cs,TiS;, Cs,ZrO5,and Cs,ZrSe;, and the
compositions that relax to the apO(P) type are K, TiO;, K, TiSs,
and K,ZrO;. It should be noted that there are three
discrepancies between our DFT-computed ground-state
structure and what is reported in the ICSD. K, TiS; is reported
in the ICSD in the apM(C) type® and Cs,TiS; is reported in the
pO(C) type,'”” while our DFT ground states are the apO(P)
and npO(C) types, respectively. Finally, K,TiO; is reported in
the npO(C) type, which we compute is 1 meV/fu. higher then
our computed apO(P) ground state. These discrepancies are
discussed in more detail in Section S3 of the Supporting
Information.

If a main group element (alkali or TI'* cations) is paired with
another main group element, then they will yield a ground-state
structure type that is apM(C), pO(C), or apO(P). This
assignment appears to be dictated by the size and preferred
coordination of the B-site: if it is a 3-fold coordinate C, it relaxes
to a ground-state apM(C) type, whereas Si and Ge are 4-fold
coordinate and relax to pO(C)-type ground states, while Sn and
Pb are S-fold coordinate and relax to apO(P) type. The
compositions whose ground states are the apM(C) type are
Na,CS; and TLCS;, while Li,SiO;, Li,GeO;, Na,SiO;, and
Na,GeO; are found in the pO(C) type, and K,SnO;, K,PbO,,
and Rb,PbO; relax to ground states of type apO(P). Our only
outlier from the trends listed above is Cs,PbOj3, for which we
obtain a pM(C) type ground state, but it is only 3 meV/fu.
lower in total energy than any of the other five structure types. A
discrepancy exists in the ICSD for this composition as well.
Cs,PbO; has been identified in both the npO(C)®” and
pO(C)® types. Given that Cs and Pb both have large Z, this
might be a material to revisit with a higher level theory (meta-
GGA SCAN functional'®>'%*'%) that includes spin—orbit
coupling as well as more rigorous, temperature-controlled
experimental characterization. Including neutron refinement in
addition to low-temperature X-ray diffraction studies could be a
useful comparison to refs 67 and 66, elucidating if entropic
effects were responsible for the multiple structure type
assignments.

11+

We classify the 18 compositions in Table 1 by DFT-calculated
ground state and then go on to compare their metastable state
that is lowest in total energy. The complete set of all DFT-
computed structures are reported in Section S1 of the
Supporting Information. Here, we focus our discussion on the
DFT-computed ground-state structure types and the structure
type closest in total energy to assess the likelihood of
switchability. For a combination to be a proper FE, it must
have a polar ground-state structure type (pO(C), pO(P),
pM(C)) and demonstrate switchability by having AE with a
nonpolar type (npO(C)) below 200 meV/fu. For a
combination to be antiferroelectric, it must have an antipolar
ground state (apO(P), apM(C)) and be energetically close to a
FE. For any of our compositions to have an additional improper
contribution to the FE polarization, they must either have (i) a
pO(P) type ground state that includes a nonzero I'*~
contribution or (ii) a pM(C) type ground state that includes a
nonzero I~ contribution. All DFT-computed lattice parameters
and AE are reported in Tables S1—-S3 of the Supporting
Information.

Two of the 18 compositions are found only in the npO(C)
type: Cs,TiS;, and Cs,ZrO;. Cs,TiS; is in disagreement with the
prior experimental studies, as it was reported in the pO(C)
type.'”” For these combinations, no polar displacements were
stable: all structures initialized with atomic displacement
patterns that contained the I>” irrep of the npO(C) type
(which are the pO(C), pO(P), and pM(C) types) relaxed to the
higher-symmetry npO(C) type. We also compute that a third
composition, Cs,ZrSe;, would have a npO(C) ground-state
structure type, and this material has an apM(C) type state that is
1 meV/f.u. higher in total energy. In this metastable structure,
the angle #is 90° and lattice constants a and b are different from
the calculated ground state by ~20.08 A. We hypothesize that the
increased size and polarizability of X = Se when compared to
combinations with X = O or S affords less structural rigidity and
that further exploration of compositional tuning using
chalcogenide anions to stabilize polar and antipolar structure
types is warranted.

Eight of the compositions relax to a computed ground state of
either the apM(C) or apO(P) type. Of this set, Na,CS; and
TL,CS; have an apM(C) ground state and apO(P) metastable
states, and this is a consequence of the resistance to deformation
of the CS; unit. K,TiS; has both an apO(P) ground state and
apM(C) metastable state, and they are only S meV/f.u. different
in total energy. Experimental characterization of K,TiS;
reported an apM(C) structure type (with # = 91.8°)* and
not an apO(P) type ground state, suggesting that this is
definitely a composition that should also be experimentally
reinvestigated. Of the remainder of the set of seven, K,SnO;,
K,PbO;, Rb,PbO;, K,TiO;, and K,ZrO;, each combination has
a DFT-predicted apO(P) type ground state and a low-lying
pO(C) type metastable state. The polarization (P) of each of
these metastable states is along the ¢ axis and has values of 0.15,
0.18, 0.14, 0.10, and 0.11 C/m2 for the five combinations,
respectively. Each value of P for this set is close to that of
BaTiO;, and all AE are below 10 meV/fu and therefore
potentially accessible. These materials should be considered
candidate AFEs, even if the low-lying polar state is the non-
switchable pO(C) type, as other polar states not considered here
might be both energetically accessible and switchable. In
addition, we propose that compositional tuning of these five
materials, to create more low-lying switchable polar states,
should be explored. This is supported by how close in energy the
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npO(C) type is to each combination. Inspection of Tables S2
and S3 of the Supporting Information shows that the npO(C)
type is only 61, 130, 50, and 37 meV/fu. for K,SnO;, K,PbO;,
Rb,PbO;, and K,ZrO;, respectively, above the computed
ground state. These AE values are all below the 200 meV/f.u.
threshold for switchability and all four materials could be
considered candidate AFEs if the compositions are tuned to
induce switchable polar distortions.

In general, we find that for combinations in which the ground
state is the pO(C) type, then pO(P) and pM(C) types are
widely disfavored metastable states, but AE does change with
changes in the compositions. The structural energetics of the six
combinations with a pO(C) ground state are plotted in Figure 4.
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Figure 4. Shown here are the computed values of AE, relative to the
pO(C) ground-state structure type, for all DFT-relaxed structures of
Li,SiO;, Li,GeOj3, Na,SiO3, Na,GeO3, Cu,SiS;, and Ag,GeS;. The red
line is AE = 200 meV/fu., our cutoff for assessing whether a
composition could be considered a proper ferroelectric.

For example, AE between pO(C) and pM(C) types for Li,GeO,
and Na,GeOj is 0.489 and 0.334 eV, respectively, so adjusting
the A-site did result in a 25% reduction in AE. The same is true
of AE between pO(C) and npO(C) symmetries; the largest
values are for Cu,SiS; (1.694 eV), Li,SiO; (1.134 eV), and
Li,GeO; (0.980 eV), which are combinations that contain
smaller A- or B-sites than most of the family investigated here. In
these combinations, there is a very large change in volume that
accompanies differences in nonpolar and polar structure types,
specifically in lattice constant a between npO(C) (and apO(P)
in some cases) and pO(C) types. Table S1 of the Supporting
Information shows that a of Na,GeOj is 9.267 A in the npO(C)
type and 10.852 A in the pO(C) type, precluding this a potential
proper ferroelectric. Moreover, all AE values for the npO(C)
type are above the 200 meV threshold to be considered as
candidate proper ferroelectrics, as shown in Figure 4. While
some apO(P) types are below or approaching this threshold, the
drastic changes in coordination between apO(P) and pO(C)
types also preclude most of this set from being considered
potential proper ferroelectrics and antiferroelectrics; the six
entries in Figure 4 are considered to be polar nonswitchable
materials since AE > 200 meV/fu. and drastic changes in
coordination and volume will prevent polarization switching.
Thus far, our analysis has provided no proper FE from the set of
18 materials, only five candidate AFEs.

Focusing on the three A,PbO; compositions, where A = K,
Rb, and Cs, AE between the ground-state structure types and
npO(C) types decreases an order of magnitude as the size of the
A-site increases; the AE here are 130, 50, and 5 meV/f.u. for K,
Rb, and Cs, respectively. K,PbO; and Rb,PbOj; are two example
combinations where structures initialized in the pO(P) type
(and in one case the pM(C) type) relax to the higher-symmetry
pO(C) type, indicating that polar modes may be stable under
different conditions (epitaxial strain, changes in composition,
etc. to tune the enthalpy of phase transitions) when B = Pb. Also

Table 2. Shown Here are the Total Irrep Amplitudes That Describe Each Structural Displacement Mode from the High-
Symmetry npO(C) Type to Each of the Lower-Symmetry Structure Types apO(P), pO(C), pO(P), apM(C), and pM(C)*

apO(P) pO(C) pO(P) apM(C) pM(C)
material r+ Y r-+ | as | Y+ Y3 T r+ r- ) | |
Na,CS; - - 1.18 2.64 - - - - 0.79 2.18 2.01 1.88 1.05 1.64
TLCS; 2.79 2.66 3.69 3.59 - - - - 0.68 1.98 1.49 1.92 1.18 3.96
Li,SiO; 1.81 2.44 3.65 4.63 0.50 0.01 2.12 2.18 2.06 2.02 0.44 0.39 1.50 0.71
Na,SiO; 0.05 0.71 3.95 3.58 0.12 0.01 1.02 0.02 0.11 0.62 0.09 0.62 0.00 0.01
Li,GeO, 2.01 3.30 3.23 2.69 0.84 0.01 2.36 0.00 2.26 3.07 0.71 0.83 1.60 0.19
Na,GeO; 0.19 1.07 3.89 3.55 0.29 1.10 0.77 0.23 0.21 0.74 0.19 0.21 1.18 0.08
K,SnO; 0.08 0.97 4.45 4.11 0.09 1.10 0.01 0.02 0.06 0.52 0.09 0.01 1.11 0.03
KZPbO3 0.15 1.25 0.18 1.43 0.00 0.00 0.00 0.00 0.74 1.61 0.00 0.00 0.00 0.00
Rb,PbO, 0.07 0.98 0.08 1.13 0.00 0.00 0.00 0.00 0.01 0.35 0.08 0.00 1.14 0.01
Cs,PbO; 0.03 0.47 0.03 0.65 0.00 0.00 0.00 0.00 0.00 0.13 0.03 0.00 0.63 0.02
Cu,SiS; 1.38 2.76 2.99 2.86 1.92 3.06 1.92 1.56 1.44 2.58 1.56 1.33 2.05 0.45
Ag,GeS; 1.20 322 3.49 3.23 1.38 1.27 1.94 0.57 1.48 2.59 1.21 1.39 5.61 0.81
K,TiO; 0.01 0.45 0.00 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K,TiS; 0.05 0.63 5.14 4.76 0.00 0.16 0.00 0.00 0.03 0.43 0.01 0.00 0.23 0.01
Cs,TiS; 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K,ZrO4 0.07 0.92 4.46 3.93 0.07 1.04 0.01 0.02 0.02 0.03 0.07 0.01 1.0S 0.03
Cs,ZrO4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Cs,ZrSe; 0.04 0.27 0.04 0.02 0.03 0.01 0.00 0.00 0.04 0.02 0.01 0.00 0.00 0.02

“All irrep amplitude data tabulated here were generated using the ISODISTORT”" tool available through the ISOTROPY software suite. A dash in
the irrep amplitude (for Na,CS; and TL,CS;) indicates that the relaxation yielded a structure type different than those tabulated here, as discussed

in the main text of the manuscript.
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Figure . Stabilizing the displacement modes, from the high-symmetry nonpolar reference npO(C) structure type presented in Figure 2, via careful
adjustment of compositional tuning or epitaxy is one route to create more structures with antipolar or polar ground states. Here, we show that are
multiple orthorhombic and monoclinic structure types available to create new FEs and AFEs.

of note is that as the A-site changes from K to Rb to Cs, P of the
(meta)stable structures also changes from 0.18 to 0.14 to 0.08
C/m?, consistent with the change in amplitude of I in Table 2.

Table 2 is a collection of the displacement modes, in terms of
irrep amplitudes from the npO(C) type, to each corresponding
DFT-computed structure type. Analysis of the displacement
mode amplitudes for the apO(P) type shows large amplitudes
for A/B cation combinations that have either smaller A-sites
(Li,GeOs,), smaller B-sites (Cu,SiS;, T1,CS;), or both smaller A
and B-sites (Li,SiO;). These are compositions that were found
in either apM(C) or pO(C) types in the ICSD. A few entries,
K,TiO;, Cs,TiS;, and Cs,ZrO;, show zero mode amplitude
because these DFT calculations, initialized in the apO(P) type,
relaxed to the higher-symmetry npO(C) type. This was a
consistent observation throughout the study; compositions with
smaller A- and B-sites tended to favor structures in apM(C) and
pO(C) types, while compositions with a d° transition-metal B-
site tended to favor npO(C) type.

The dashes appear in Table 2 for Na,CS; and T1,CS; because
they relaxed to structure types in higher symmetries than were
initialized that were not part of our structure type set. When
either composition was initialized in the pO(P) type, they
relaxed to a structure type of Pbcn symmetry (space group 60)
and Na,CS; initialized in the apO(P) type relaxed to a structure
type of Imma symmetry (space group 74). This is because polar
and antipolar displacements of the 3-fold CS; triangular unit in
these structures are highly unfavored. Given the data presented
here, neither of these materials is a likely candidate proper FE on
their own; across all structure types, the CS; unit rarely showed
any changes in bond length or relative orientation. One future
route to explore for these two materials would be to create
hybrid improper ferroelectrics via compositionally tuned
variations of the A and B-site cations that would allow for
switchable polarization via the trilinear coupling of one polar and
two nonpolar irreps.

The largest mode amplitudes of the set belong to the I~
irreps. They are consistently found in the pO(C) structure type
and in the A,BX; materials that contain B = Si or Ge, for which
the pO(C) type is the experimentally determined and DFT-
computed ground state. This trend is in agreement with the
structural mode analysis presented in the previous section: in the
phase transition from the npO(C) structure type, the edge-

sharing square-pyramidal BX; units would need to break and
form multiple bonds to become corner-sharing BX, tetrahedra.
The DFT-relaxed structures in the pO(C) type exhibited a very
large increase in volume when compared to the npO(C) type,
specifically from the increase in lattice constant g, as shown in
Section S1 of the Supporting Information. This holds true when
compared to other structure types in Table 2 and is correlated to
the mode amplitudes of the I"'* irreps for materials with B = Si or
Ge.

If the polar mode described by the I'*™ irrep is coupled to
other modes, such as those described by the Y* and Y*~ irreps,
and in the pO(P) type, or [** and I"*~ in the pM(C) type, then
the atomic displacements decrease in intensity and no longer
disrupt the connectivity of the edge-sharing BX units. In this
sense, only structures from the pO(P) or pM(C) types could be
examples of (im)proper ferroelectrics, since the polar displace-
ment described by I'*” has been coupled to nonpolar
displacement modes. The apM(C) type also includes large
mode amplitudes for the combinations that contains B = Si or
Ge for which there is a strong preference for 4-fold tetrahedral
coordination. The pO(P) type was not found to be the ground
state for any of the 18 A,BX; compositions investigated here and
only one composition relaxed to a pM(C) ground state:
Cs,PbO;.

Analyzing the combined DFT and experiment structural and
energetic data in its entirety, we can draw general conclusions
about the structure—property relationships of the A,"*B*X;*~
family. Having the B-site cation as a C atom, like in the CS; unit,
and having combinations of Li/Na with Si/Ge (most of the
smaller ionic radii combinations) will lead to ground-state
structure types in which edge-sharing BX; network is disrupted.
Combinations with A = Rb or Cs tend to have fewer stable polar
or antipolar displacement modes and will have ground states
that are higher-symmetry orthorhombic structure types like the
npO(C) (Cs,ZrO;, Cs,ZrSe;) or apO(P) types (Rb,PbO;). If
instead we combine smaller A-sites and larger B-sites, as in
LiszO3,110 or increase the anion as well, as in RbZZrTe3,l“
then the coordination changes entirely and the resulting
monoclinic structures can no longer be easily related to other
members of the A,'*B*'X,*>” set studied here. This limits our
choices of A- and B-site combinations from the standpoint of
compositional tuning to create new FEs and AFEs from the set

https://dx.doi.org/10.1021/acs.jpcc.0c03093
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Table 3. Tabulated Here are the DFPT-Computed Properties of a Representative Sampling of the Known Members of the A,BX;
Family, Which are Categorized by Structure Type and DFT-Computed Ground-State Symmetry”

material € €

type symmetry

xx »

npO(C) Cmem K,TiO; 2.90 3.12
Cs,Zr0O4 3.32 3.51

Cs,TiS; 3.87 4.35

apO(P) Pnma K,PbO;, 322 3.48
Rb,PbO; 3.30 3.53

K,SnO; 292 3.01

pO(C) Cmc2, Li,GeO, 3.01 3.01
Na,SiO; 2.40 243

Cu,SiS, 8.46 8.16

Ag,GeS, 8.50 8.77

apM(C) C2/c Na,CS; 3.51 425

€2 Z3, Ze, Z, Z, Z
3.61 2.38 0.00 2.94 0.00 5.18
3.60 2.99 0.00 3.24 0.00 5.09
6.53 1.74 0.00 2.47 0.00 6.32
4.56 2.03 0.00 2.75 0.00 4.59
4.48 2.06 0.00 2.76 0.00 4.65
3.54 2.28 0.00 2.68 0.00 4.29
3.17 2.87 0.00 3.11 0.00 3.48
2.46 2.59 0.00 2.79 0.00 3.01
9.07 3.14 0.00 2.93 0.00 3.16
9.49 3.06 0.00 3.0 0.00 3.53
3.51 0.68 1.45 2.52 1.49 0.99

“Presented first are the diagonal elements of the electronic contribution to the dielectric tensor (¢;;) and then the components of the Born effective

charge tensors of the B-sites.

of materials investigated in this work. Our choice of B-sites is
Ti* (0.51 A), Sn** (0.62 A), Zr** (0.66 A), and Pb* (0.73 A),
where the number in parentheses is the 5-fold coordinate jonic
radii, and our choice of A-sites is K'* (1.51 A), TI'* (1.59 A), and
Rb'* (1.61 A), where the number in parentheses is the 8-fold
coordinate ionic radii.''*"'"?

The known members of our set that fulfill this combination of
A- and Bssites include K,TiO;, K,TiS; K,SnO;, K,ZrO,,
K,PbO,, and Rb,PbO, all of which are computed to have an
apO(P) ground state and/or a low-lying npO(C) state. These
are the six combinations in which the addition of slightly smaller
(or larger) cations can be added to create size mismatches that
might be able to stabilize additional polar or antipolar ground-
state structures in which AE can be adjusted further. Some
examples of compositional tuning in this family would include
adding Ag'* on the A-site of K,PbO; or Ti*" to K,SnOj to create
polar materials from previously antipolar ground states. Another
route would be to add Sn** to the B-site of nonpolar ground-
state structures such as Cs,TiS; and Cs,ZrOj; to create antipolar
materials.

Figure S depicts some of the multiple structure types available
to create new antipolar (apO(P), apM(C)) and polar (pO(P),
pM(C)) A,BX; materials, assuming that the pO(C) structure
type is not switchable and thus not a proper ferroelectric. To
illustrate how one could use the data compiled here to create
new proper ferroelectrics, we use Na,GeOj; as an example test
case. Table 2 shows that one can induce continuous displace-
ment modes between npO(C) and both pO(P) and pM(C)
types. Table S1 of the Supporting Information shows that while
the DFT-computed ground-state structure of Na,GeO; is of
pO(C) type, the AE between npO(C) and pO(P) and pM(C)
types is 0.158 and 0.154 eV/f.u., respectively, well below the 200
meV threshold discussed in the Introduction. To investigate if
these polar structure types can be switched to a state of opposite
polarization, we need to induce displacements from the high-
symmetry npO(C) type that are equal and opposite to the
previously computed structures in pO(P) and pM(C) types.
The resultant structures are then let fully relax to (locally) stable
energetic minima, and then the Berry phase polarization of both
sets of structures is computed. Calculations indicate that P, for
these structures have values of 0.19 and —0.19 C/m? for the
pO(P) type and values of 0.22 and —0.22 C/m? for the pM(C)
type. This demonstrates that even for Na,GeOj;, there exist
metastable structures of opposite polarization with a barrier to
switch that is less than that of BaTiOj.

Finally, we present the DFPT-computed properties for a
representative set of A,BX; materials in Table 3, where the
entries are categorized by their DFT-predicted ground state.
The range of materials surveyed include only those in which the
DFT-computed ground state matches the symmetry of the
experimentally determined crystal structure. The values of ¢;
range of ~2.5—4.5, with the exception being the sulfides
Cs,TiS;, Cu,SiS;, and Ag,GeS;, where € values of the two polar
sulfides, that also contain a late d-block A-site, are more than
double the other entries. Table 3 also shows that all values of Z2,
ny, and Z%, are below the nominal charge of 4+ for the B-site,
with many values at or below 2. The values of ZZ, for entries with
a ground-state symmetry of Cmcm and Pnma are above 4 and
below 4 for entries with a ground-state symmetry of Cmc2, and
C2/c. Since the ZEZ of the polar Cmc2, and antipolar C2/c
ground states is below the nominal valence charge, this may
affect charge screening and decrease the depolarizing field of the
thin films made with these materials. Recent work on polar
intermetallic half-Heusler phases has posited that minimizing or
modulating the depolarization field of a polar material, whether
at a surface or interface, would be advantageous in the design of
novel materials for energy generation and energy storage.***’
The A,BX; family of materials presented here may yield an
opportunity to investigate the same effects in polar and antipolar
oxides and sulfides.

B CONCLUSIONS

In this manuscript, we develop a procedure that combines
crystallographic database mining and DFT calculations to
explore the structure—property relationships of families of
experimentally characterized oxide and chalcogenides whose FE
and AFE properties may have previously gone overlooked. We
use the ICSD to obtain crystallographic information for 18
compositions of chemical formula A,"*B*X,>". These compo-
sitions have been assigned structure types, some of which had
been referred to as related, but to the best of our knowledge, no
symmetry relationships had previously been established. The
space groups of the structure types of the compositions are
subgroups of parent Cmcm symmetry and can therefore be
related by continuous distortions. We use this information to
assess potential second-order phase transitions between six
different structure types, four known and two new. Using a
combination of crystallographic data, ionic size, and displacive
phase transition theory, we show why the known members of the
Na,Si0; structure type (pO(C) here) cannot be considered
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proper ferroelectrics: inducing only the polar displacement
modes described by the I'*” irrep causes a structural
reorganization that prohibits FE switchability. We present an
alternate method to design proper (and hybrid improper) FEs
by coupling this mode to nonpolar or antipolar distortion
modes. We explore this with two examples, the pO(P) and
pM(C) structure types, which maintain the coordination of the
edge-sharing BX square pyramids, prevent the large changes in
lattice constants and displacements that precluded ferroelectric
switchability in the pO(C) type.

Comparison of the DFT-computed structures also leads to an
informal set of design rules for mapping out which combinations
may be excluded from preliminary experimental investigations.
B-sites of smaller cations, such as C, Si, and Ge, lead to ground-
state structures where the B-sites are 3- or 4-fold coordinate, and
if the A-site is also small, like with Li, Na, and Cu, the resultant
structures are too high in energy to switch or relax to nonpolar
structures. We then go on to suggest that at least seven members
of the A,BX; family might be studied as is or adjusted to create
new example FEs and AFEs. Of this set, the compositions that
have a DFT-computed, and previously experimentally verified,
apO(P) type ground state may already be antiferroelectric, and
this functional property has previously gone overlooked.
K,Sn0;, K,ZrO;, K,PbO;, and Rb,PbO; each have a polar
metastable state within 10 meV/f.u. of their antipolar ground
state, qualifying them as known oxides that might be candidate
AFEs. With regards to compositional tuning, our investigation
suggests that there are a few routes available to create new FEs
and AFEs. The first would be to create polar/antipolar materials
from compositions with nonpolar ground states (Cs,TiS;,
Cs,ZrO,, Cs,ZrSe;) and the second would be to create polar
materials from compositions with antipolar ground states
(K,PbO;, Rb,PbO;). Compositional tuning has already been
used to create polar monoclinic phases,''* metastable ternary
phases,""” and solid electrolytes' ' from Na,SiO; and Li,SiOs.
Here, our goal would be to design systems in which the
coordination of the BX; square pyramids of the structures is
maintained while A-sites are free to displace in polar or antipolar
patterns. Our study also suggests that the four combinations in
which there are discrepancies between the DFT-relaxed ground-
state structure and the structure reported in the ICSD (K, TiO,,
K,TiS;, Cs,TiS;, Cs,PbO;) be experimentally reinvestigated, as
they may also be materials in which the difference between the
polar and antipolar/nonpolar states may be minimal. Low-
temperature diffraction experiments on these materials would
complement prior structural determinations and the present
work, illustrating if entropic effects are responsible for the
multiple discrepancies in the ground-state structure.

The main goal of this study is to develop the structure—
property relationships of a family of materials whose functional
properties may have previously gone unmeasured and posit
questions that could be answered via experiment, such as to the
nature and extent of polarization switching and if the tunability
of properties such as AE, €, and Z* could position the A,BX;
materials to be as well developed as the perovskites. This work is
intended to complement recent studies where first-principles
calculations have shown that theory can lead to experimental
insights; for example, DFT has shown that the polar wurtzite
structure can exhibit ferroelectricity via compositional tun-
ing,1 17,118 the existence of ferroelectric distortions in metals®®*'”
such as LiOsO;'*° and WTe,"”" and that two-dimensional
(2D)-layered chalcogenides can contain multiple polarization
states.'””'** In this way, combining known structures from

crystallographic databases with first-principles calculations can
lead to breakthroughs in the fields of energy generation and
energy storage by mapping out potential phase transitions,
optimizing stoichiometries, and prioritizing further investiga-
tions.
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