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Abstract

Advancements in the understanding and synthesis of transition metal compounds have allowed ma-
terials engineers to design functional materials with a range of properties, such as ferroelectricity,
non-linear optical activity, colossal magnetoresistance, and superconductivity. Conventional routes
to tune and design functional materials includes chemical cation substitution and heterostructuring
of oxide thin films. Anion engineering has recently been identified as another route to design mate-
rials with targeted properties by coordinating anions of different size, charge, and electronegativity
to the same transition metal cation. Because of the similar sizes of fluorine and nitrogen to oxygen,
anion substitutions also adds additional design variables, such as anion order, that are absent in
homoanionic (i.e. oxide) compounds. Heteroanionic materials design provides an opportunity to
expand the chemical design space for functional materials and to realize enhanced or unantici-
pated electronic, optical, and magnetic phenomena though its complex structural space. However,
an understanding of the crystal-chemistry principles that govern the structure and properties of
heteroanionic materials are still in their infancy.

In this dissertation, I utilize first principles calculations to explore the materials physics asso-
ciated with anion engineering in oxyfluorides. Oxyfluorides are an intriguing class of heteroanionic
materials due to their similarity to transition metal oxides and potential structural complexity
from anion ordering. This work 1) adapts crystal-chemistry principles from homoanionic materi-
als to heteroanionic materials and uses them to predict novel oxyfluorides, 2) investigates known

mechanisms for ferroelectricity in bulk and thin film oxyfluorides and formulates new ones and,



3) evaluates the effect of anion (dis)order on the electronic states of oxyfluorides. My research
advances our understanding of oxide-fluoride structures and their properties, motivating future

experimental and materials design efforts on heteroanionic materials.
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3.1

From homoanionic to heteroanionic building units for the assembly of oxide-derived
heteroanionic materials: Heteroanionic materials are constructed from building units
that exhibit unique local coordination chemistry with multiple anions surrounding a
metal center (left) of the same (a, homoleptic) or different (b, heteroleptic) species.
Typically, the number of oxide anions (red) govern: (c) the out-of-center metal dis-
placements that may occur toward a face, edge, or corner of the polyhedron, which
reduces the local symmetry for the metal d-orbitals, particularly in heteroanionic
materials with d° electronic configurations. Local symmetry of the building units
also depends on the geometric isomerism of the unit, e.g., cis or trans coordination.
Illustration of the structural and chemical diversity in oxide-derived heteroanionic
materials (HAMs), including: (d) a subset of those p-block anions, which combine
with the oxide ion to form the structurally and chemically diverse oxynitride (e), oxy-
sulfide (f), and oxyfluoride (g) materials from heteroleptic polyhedra. (h) BiCuOSe
is a heteroanionic material comprised of homoleptic polyhedra, which distinguishes
it from the other materials (broken line). The annotated slice of the periodic table
in (d) indicates the anion electronegativies based on the Pauling scale, ionic radii
for four-fold coordination (S?~ based on sixfold coordination), and the bound coher-
ent scattering lengths. In these materials, the exchange of an anion for oxide as in
02~ = N3~ (0*° —F!7) requires compensation of excess (deficit) charge, which
often necessitates that binary heteroanionic oxynitrides are composed of cations with
high oxidation states (Ti*t, Zr**, Ta’*, Nb>+, Mo*t5+, W3+6+) as in TaON. In
oxyfluorides, on the other hand, late transition metal cations are compatible with
lower oxidation states. . . . . . . . ..
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Electronic-structure changes due to additional anions within a polyhedral unit used
to construct the heteroanionic material: modifications to the transition metal d
orbital structure induced by arranging different chemical species on a lattice can
alter electronic, magnetic, and optical properties. (a-c) The schematic density-of-
states (DOS) for d” (a) and d" compounds exhibiting Mott-insulating (b) or charge-
transfer insulating (c) character depict the changes in the cation d orbital and anion
p orbital energies and bandwidth, indicated by the arrows in the first row, compared
to their oxide analogue. The orange and blue boxes in (c) differentiate positive
charge-transfer and negative charge-transfer insulators, respectively. The broken
lines in the negative charge-transfer insulator section indicate the splitting of the
O 2p band to form a gap. The inset in (b) is a modified version of the Zaanen-
Sawatzky-Allen diagram, showing the metal-insulator phase boundaries based on
values of U and Act. The colored dots represent the qualitative change in Agr
upon anion exchange into the homoanionic oxide. The inset in (b) is adapted with
permission. [1] Copyright 1994, American Physical Society. . . . .. ... ... ...
Crystal field effects in heteroanionic compounds with multiple anions in a single
coordination unit: (a) Changes in d orbital degeneracies and energy splitting for a
transition metal (M) cation with d' electronic configuration in the regular octahe-
dral coordination with no bond distortions, [MO,F¢_] (z = 1-6). (b,c) Calculated
crystal field energy, Dq, under tetragonal distortion of the octahedral unit for a
trans-[M O4F3] (b) and trans-[MO4N3] (c) heteroanionic building unit, where two
fluoride or nitride ions, respectively, are located at the apical sites and four oxide
ions occupy the equatorial sites as illustrated in the insets of (b) and (c). . . . ...
Electronic and optical property control in heteroanionic oxyfluorides: a) Forma-
tion of the molecular orbitals from the high-temperature monoclinic and the low-
temperature triclinic phases in NboOoF3. The [NbO3F3] polyhedra shown in the up-
per right exhibit cooperative distortions with symmetric metal-anion bond stretching
in the charge ordered state. b) The transmittance spectra of the deep-ultraviolet non-
linear optical materials 5-BaB2O4 and KBesBO3Fo. The inset shows the KBeaBOsFs
crystal grown for these measurements. ¢) The structure of KBeaBO3F9, where the
[BeOsF] tetrahedra link together with a [BO3] borate network through a shared ox-
ide ion. a) Adapted with permission. [2] Copyright 2016, Elsevier. b,c) Adapted
with permission. [3] Copyright 2009, Springer Nature. . . . . . ... ... ... ...
Heteroanionic oxyfluorides for lighting and energy applications: a) Excitation and
emission spectra of the solid-solution phosphor Sra.975Ceq.g25Al1 —3Si, 044 F1—, with
various « values indicated. The Sr1Xg and Sr2X;o polyhedra looking down the [100]
direction show the change in coordination environment (right inset). Light gray,
black, orange, and green spheres represent Srl, Sr2, O, and F atoms, respectively.
Fluoride exchange leads to a decrease in peak excitation/emission wavelength with
increase in fluoride content (lower panel). b) Theoretical capacities of Mn-redox
based cathode materials with decreasing oxidation state. c¢) Voltage profiles and ca-
pacity retention of LizMny/3Nby ;302F when cycled from 1.5 to 4.6V at 20mA gL
a) Adapted with permission [4]. Copyright 2011, Wiley. b,c) Adapted with permis-
sion [5] Copyright 2018, Springer Nature. . . . . . . ... ... ... ... ......
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Polar and antipolar structures which have distortions commensurate with the site
symmetry breaking of the a, X2 and A sites, which have the same Wyckoff site, and
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GII values for AsBOsF oxyfluoride structures obtained from the volumetric GII
minimization. The GII of a distinct chemistry in the heat map is located at the in-
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a smaller GII value and a more stable structure. Structures with GII values greater
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SroFeOsF, are anion ordered with the indicated space group. . . . . ... ... ...
GII values for AsBO3N oxynitrides with Cmma symmetry obtained from the volu-
metric GII minimization. The GII of a distinct chemistry in the heat map is located
at the intersection of a particular A- (column) and B-site (row) cation. Darker colors
indicate a smaller GII value and a more stable structure. Structures with GII values
greater than 0.6 v.u. are not shown and entries in the heat maps outlined with red
indicate that the corresponding compound has been synthesized and is anion disor-
dered and the average structure has symmetry I4/mmm, except NdaAlO3N which
has space group Idmm. . . . . . . .
Correlation between the GII and total energies of the d” oxyfluorides before (circles)
and after (squares) DFT relaxation with P4/nmm symmetry. The movement of the
GII minimized structure relative to the DFT relaxed structure is indicated by arrows
of the same color. The energy of the structures is given relative to the DFT relaxed
value of SroScO3F. The horizontal line at 0.3 v.u. indicates our proposed GII cutoff
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Correlation between the GII and total energies of the d" oxyfluorides before (circles)
and after (squares) the DFT relaxation in the P4/nmm symmetry. The movement
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Mode decomposition and energetics of KNaNbOF5. a The irreps associated with each
intermediate structure are show in blue. b Energetics of each of the modes associated
with this transition. The atomic displacements associated with the unstable modes
from force constant eigenvectors are also shown in the atomic structures on the left.

Atoms are designated as in Figure 5.1. . . . . . . . . ... ... L.

Approximate phase diagram of the displacive transition in KNaNbOF5 in which
ap- = 0.6 meV A=2. The red dot at (0,0) corresponds to the position in the phase
diagram through which a direct transition between the high temperature (Cmem)
and ground state (Pna2;) phases occurs. The red arrow represents a possible path

of the phase transition through an intermediate centrosymmetric phase. . . . . . . .

High-resolution F MAS (25kHz) NMR spectrum of noncentrosymmetric (NCS)
sample of KNaNbOF5. Calculated F NMR chemical shifts of NCS KNaNbOF}
are also shown for reference. Asterisks (*) denotes spinning side bands. F MAS
(25kHz) NMR spectrum of centrosymmetric (CS) KNaNbOF5 is shown in (Ap-

pendix B) for comparison. . . . . . ... ...

In situ monitoring (heating process) of the phase transition in KNaNbOF5 from non-
centrosymmetric (NCS) phase (Pna2;) to the high-temperature (HT) phase (Cmem)

by variable-temperature 1F MAS (5kHz) NMR. . . . . .. .. ... ... ......

High-resolution 'F MAS (25 kHz) NMR spectra of NCS phase KNaNbOF5 quenched
(¢) at T, = 150°C, 250°C, 310°C, and 360°C. Asterisks * denote spinning side

bands. . ..

Structure and properties of the coherent monodomain switching pathway. The top

panel shows key structures along the switching pathway, as indicated by the letters.

(a) Group-subgroup relationships among anion ordered structures coupled to octa-
hedral tilts. Each anion ordering (second row) is associated with an irrep of the
(b) parent phase, n = 1 RP with space group I4/mmm. The third row couples
the anion order to an octahedral tilt, irrep X, with the order parameter direction
indicated below each space group label. Orange shaded space groups are polar and
blue shaded space groups are nonpolar-noncentrosymmetric. Lines connecting space

113

groups indicate that the phase transition is allowed to be continuous in Landau theory.133

Octahedral tilt patterns and energetics of the derivative structures relative to their
anion ordered structures. The octahedral tilt patterns associated with the modes (a)
X5 (m1,0) or (0,m) and (b) X5 (n1,m). The tilts in Glazer notation are noted next to
each perovskite layer. (c) The difference in energy AE between the relaxed derivative
structures relative to the their anion ordered structures. The larger the difference, the
more the derivative structure is stabilized by the indicated octahedral tilt pattern.
The graph is separated into the two compounds, SroScOszF and CasScOsF, then
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Chapter 1: Introduction

1.1 Motivation

Advances in materials development are key to continue the technological advancement of society
(i.e. Moore’s law) and solve critical challenges to mankind, such as global warming. Transition
metal oxides (TMOs) are a fruitful class of materials that display a wide variety of intrinsic and
functional properties that are used in a range of applications, for example as paint pigments,
magnetic storage materials, semiconductors, and Li-ion batteries [8-10]. TMOs that adopt the
perovskite structure and its derivatives (e.g. Brownmillerties, Ruddlesden-Poppers, etc.) have
been of particular interest to researchers because they accommodate a variety of chemistries and
host properties such as superconductivity, metal-insulator transitions, multiferroism, and colossal
magnetoresistance [11-14]. The study of perovskite-structured materials has allowed researchers
to understand existing structure-property relationships and develop methodologies to rationally
design new TMOs with enhanced properties.

Cation engineering, or the partial or complete substitution of a cation site for another cation
species, has been very successful in tuning or enhancing functional properties and creating emer-
gent phenomena at oxide interfaces [15-18]. Unexpected phenomena may arise in solid solutions

or substituted materials due to the strong coupling between the lattice and electronic degrees of
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freedom. Although many significant advances in this field were made before the broad adoption
and availability of accurate electronic structure methods and widespread access of high-performance
computing processing power, ab initio calculations have enhanced the quality and speed of under-
standing and discoveries in this area. Computational techniques such as density functional theory
(DFT) in tandem with advances in materials synthesis, such as molecular beam epitaxy (MBE) and
plasma layer deposition (PLD) , have allowed researchers to observe and disentangle the underlying
physical mechanisms for complex and emergent phenomena such as exotic magnetic orderings, two
dimensional electron gasses, superconductivity and ferroelectricity [15,19-24]. Structure-property
relationships and materials design guidelines are well established for property control via cation
engineering.

Recently, anion engineering in inorganic materials been identified as another paradigm for
property control, because of the subtle chemical and physical differences between the anions [25-27].
Although this approach has been successful in a number of applications, such as Li-ion battery
electrodes, second-harmonic generation materials, and solid-state phosphor materials [4, 28-34],
understanding and control over structure-property relationships in mixed anion or heteroanionic
materials is still developing and finding applications in condensed-matter physics areas such as
magnetism [35, 36], topology [37], and superconductivity [38]. Additional challenges are imposed
by the tendency for some heteroanionic materials, in particular oxyfluorides and oxynitrides, to have
disordered anion sublattices or have statistically random distributions over the anion sites. The
appearance of long-range anion order (or lack thereof) is often key to the appearance of a targeted
property, particularly those which require acentricity such as ferroelectricity, piezoelectricity, and

nonlinear optical phenomena.
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In this dissertation, I use ab intio calculations to explore changes to the structure and function-
ality of heteroanionic materials that can be obtained by engineering the metal-ligand interactions
through anionic substitution of oxygen by fluorine. Specifically, I adapt or leverage existing TMO
crystal-chemistry principles for property control in oxyfluoride materials and predict new, functional

oxyfluorides for synthesis.

1.2 Organization
This thesis is organized as follows:

e In Chapter 2, I review the fundamental aspects of density functional theory, ranging from the
Schrodinger equation to exchange-correlation functionals. I also review practical aspects of

DF'T calculations such as plane wave basis sets, Brillouin zone sampling, and pseudopotentials.

e In Chapter 3, I provide an overview of heteroanionic materials design, focusing on oxygen-
based compounds, such as oxyfluorides, oxynitrides, and oxysulfides. First, I discuss funda-
mental changes to the atomic and electronic structure that occur upon anion substitution and
how these may be leveraged to engineer enhanced functional properties. I describe synthetic
methods for bulk and thin film oxyfluorides, oxynitrides, and oxysulfides and characteriza-
tion techniques that can distinguish between different species in the anion sublattice. Last, 1

review oxyfluorides whose properties have been engineered through anion substitution.

e In Chapter 4, I predict novel, synthesizable n = 1 Ruddlesden-Popper oxyfluorides using a
workflow that filters for candidate compounds using an approach based on Pauling’s second
rule. This filtering process significantly reduces computational cost and is based on a mini-

mization scheme using the global instability index (GII), which filters and is able to eliminate
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50% of highly unstable candidate compositions. I validate this minimization scheme using
DFT calculations and find that the GII of stable heteroanionic compounds is higher than
that of homoanionic oxides owing to significant charge redistribution in compounds contain-

ing more than one anion.

In Chapter 5, I investigate potential ferroelectricity in noncentrosymmetric KNaNbOF5. To
determine a potential ferroelectric switching pathway for the transition, I first use first prin-
ciples calculations to create a model of the centrosymmetric to noncentrosymmetric phase
transition. From this model, I construct a phase diagram of the transition that predicts the
appearance of a previously unseen intermediate phase. The existence of the intermediate
phase is confirmed using 'F MAS NMR. Finally, I model a monodomain ferroelectric switch-
ing pathway through the predicted intermediate phase and find that its energetics and strain

are similar to know ferroelectrics, suggesting that this compound may be switchable.

In Chapter 6, I describe a strategy to design ferroelectric heteroanionic materials based on
the coupling of anion order and octahedral tilts in n = 1 Ruddlesden-Popper structures with
chemical formula ABO3F. This would allow for noncentrosymmetric and polar compounds to
arise from centrosymmetric anion ordered structures. I computationally examine the relative
phase stability of the polymorphs derived from this coupling using the compositions SroScO3F

and CagScOgsF.

In Chapter 7, I explore the phase space of heteoranionic n = 2 Ruddlesden-Popper compounds
under ambient and epitaxially strained conditions. Competition between antiferroelectric and

ferroelectric distortions are well known in the analogous homoanionic oxide structures and
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find similar competition occurs in these materials with chemical composition Bagln,OsF9 and

Sl“gIDQ O5F2 .

e In Chapter 8, I investigate the anion-ordered and anion-disordered variants of TiOF for a

potential insulator-metal transition.

e In Chapter 9, I summarize the findings of my investigations and discuss future opportunities

enabled by my work.
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Chapter 2: First Principles
Electronic Structure Methods

This section briefly reviews the foundations and practical aspects of performing first principles
density functional theory (DFT) calculations methods, which are used throughout this thesis. It
does not rigorously prove all the mathematical theorems behind DFT, rather it focuses on the
principle concepts, equations, and common approximations. More detailed descriptions and rigor-
ous mathematical proofs can be found in journal articles, textbooks, and review papers including
Refs [39-42]. Throughout this thesis, I use density functional theory calculations as implemented
in the Vienna Ab Initio Software Package (VASP) [43,44]. Specific computational details such as

choice of pseudopotential, plane-wave cuttoff, k-point meshes, etc. are specified in each chapter.

2.1 The Many-Body Schrodinger Equation

The behavior of quantum particles can be described by solving the Schrédinger equation. In its

simplest, time-independent form, the Schrodinger equation can be written as follows:

HU = EU (2.1)
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where W(Ry, r;) is the many body wavefunction with Ry and r; representing the positions of the
ions (I) and electrons (i), respectively. The total energy of the system, E, can then be computed
by operating the Hamiltonian Hon V.

The Hamiltonian which describes a system of interacting electrons (e) and nuclei (N) includes

kinetic (7') and Coulombic interaction (V) terms:

H=T.+Tn+Vyn + Vee + Ve (2.2)

The electronic and nuclear kinetic terms are as follows,

A_ h 2"\ _ h 2
T, = 2mezi:vi’TN ZQMIVI (2.3)

where m, and M are the mass of the electron and ion, respectively, and & is the reduced Planck con-
stant. The Coulombic interaction terms, nuclear-nuclear (NN), electron-electron (ee), and nuclear-
electron (eN) are as follows:

. Z1Z5e? 0 1 e . Zre?
% § Ve = = § — V=) — 2.4
NN= 2+ |RI—RJ| T 24ap; eN ~ (2:4)
7]

where Z; is the nuclear charge and e is the electron charge.

Given that the nuclear mass is much larger than the electronic mass, the inverse mass of the
nuclei 1/ My can be regarded as small. If the mass of the nuclei is set to infinity, the kinetic energy of
the nuclei can be ignored. This is known as the Born-Oppenheiemer or adiabatic approximation [45]
and allows one to separate the motion of the atomic nuclei and electrons, which partly simplifies the

calculation of the electronic wavefunctions. In this approximation, the electrons can be thought
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of as moving through an external field imposed by the nuclei at fixed positions. The resulting
Hamiltonian, which can be referred to as the electronic Hamiltonian, consists of T . Vee, VeN, a
classical interaction of the nuclei (replacing Vy ~ ), and any further contributions to the total energy
independent of the problem of describing electrons.

Although this does speed up the calculation of the electronic wavefunctions, these approxima-
tions are still insufficient to allow for useful calculations of complex systems. This is largely because
of the computational cost of calculating real systems, as the number of electrons is on the order of
10?3 and the electron-electron interaction term requires the 3 coordinate positions of each electron.
Furthermore, each electron interacts with each other, making the calculation completely intractable.
The most successful method of approximating this electron-electron interaction problem is density

functional theory, which provides a good tradeoff between reliability and computational cost.

2.2 Density Functional Theory

Although the original density functional theory functional was a method developed by Thomas [46]
and Fermi [47] in 1927 and Dirac in 1930 [48], the modern formulation of density functional theory
originated from Pierre Hohenberg and Walter Kohn in 1964 [49]. A year later, Kohn and Lu J. Sham
published a derivation of a self-consistent scheme for the calculation of the electronic structure of

real materials, not only model systems [50].

2.2.1 The Hohenberg-Kohn Theorem

The first theorem of Hohenberg and Kohn states that for any system of interacting particles in an
external potential Vexy (1), the potential Veyy () is determined uniquely, except for a constant, by the

ground state particle density ng(r). It follows that since the hamiltonian is fully determined, except
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for a constant shift of energy, the many-body wavefunctions for all states (ground and excited) are
also determined. Therefore all properties of the system are completely determined given only the
ground state density ng(r).

The proof of this theorem is straightforward. Suppose there are two different external poten-
tials, Ve(xlt) (r) and Ve(th) (r), that differ by a constant and have the same ground state density n(r).
The two potentials lead to two different hamiltonians, H® and H ), and two different wavefunc-

tions, U™ and ¥ which are hypothesized to have the same ground state density no(r). From

the variational principle, we can write that
E® = (M AO w0y <« (9@ F0)g®) (2.5)

The strict inequality indicates our assumption that the ground state is non-degenerate. The

last term can be written as

(@A AORY = (v F@1e@)y 4 (e g0 — FO1g@) (2.6)

—E® 4 / &V () = VE (1) no(r) (2.7)

such that

EW < p® 4 / Brv ) = VO )ng(r) (2.8)

We can write E(® in the exact same way and we find the same resulting equations with the

superscripts interchanged:

ext

E® < W 4 / BV ) — VA (m)no(r) (2.9)
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If we add together Equation 2.8 and Equation 2.9, we obtain EM) 4+ E®?) <« EM) 4+ E@) an
inherently contradictory inequality. This proves the first theorem by reductio ad absurdum; there
cannot be two different external potentials differing by more than a constant which give rise to
the same non-degenerate ground state charge density. The density must uniquely determine the
external potential to within a constant.

The second theorem states that independent of the external potential, Ve (), there exists a
universal function for the energy E[n(r)] in terms of the density n(r). For any Ve (7), the exact
ground state energy of the system is the global minimum value of this functional and the density
n(r) that minimizes the functional is the exact ground state density ng(r). We define this energy
functional as follows:

E[n(r)] = Fin(r)] + /d?’rVext(r)n(r) + By (2.10)

where Epy is the interaction energy of the nuclei, F[n(r)] = T'[n(r)] is the kinetic and potential
energy of the interacting electron system, which must be universal as they are functionals only of
the density. Suppose we define a unique ground state density, n(!) (r), corresponding to the external

potential Ve(xlt) (r). The expectation value of the Hamiltonion of this ground state corresponds to

EDn(r)] = (2O A0 w0 (2.11)

By the variational principle, a different density, n(® (), which has a different wavefunction, ¥,
will have a higher energy than n")(r) (E() <E®). It follows then that the density that minimizes

the energy is the true ground state density, ng(r).
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2.2.2 The Kohn-Sham Equations

The Hohenberg-Kohn theorem establishes that ground state properties can be determined from
only the electronic density, however it does not tell us how to extract those properties from the
density. Kohn and Sham proposed that this many-body interaction term could be replaced with
an independent-particle equation of non-interacting electrons with the many-body terms being
incorporated into an exchange-correlation functional of the density. This is then the basis for the
application of the Hohenberg-Kohn Theorem.

There are two assumptions made in the construction of the Kohn-Sham auxiliary system. The
first is that the ground-state electron density can be represented by the ground state density of an
auxiliary system of non-interacting particles with wavefunctions ¢. The second is that the auxiliary
hamiltonian is chosen to have a local potential and the usual kinetic operator. The local form of
the potential is essential to have a one-to-one correspondence of the potential. The density of this

auxiliary system can be expressed as

N
n(r) = 3 fou(r)P (212

and the independent-particle kinetic energy T is

N
Ts =25 [ dr(Vir). (2.13)
22
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The Kohn-Sham approach rewrites the many-body Hohenberg-Kohn expressing for the ground

state energy into the form:
Exs = Ts[n] + / 01 Vet (1)0(r) + Brtartseeln] + Er1 + Excln] (2.14)

where Viext(7) is the external potential due to the nuclei and any other external fields and Ejy is
the interaction between nuclei. Efatrec[n] is the classical treatment of the electron density,

1 /
Exartree = 5 /dgrdgrln(r)n(r) (215)

r — 7|

Lastly, Exc is the exchange-correlation energy which contains all the many-body effects of exchange
and correlation.
Using the variational principle on Equation 2.14 and Equation 2.12, Equation 2.13, and La-

grange multipliers, we can obtain the Kohn-Sham Schrodinger-like equations:
(His — €)¢i(r) =0, (2.16)
where ¢; are the eigenvalues and Hkg is the effective hamiltonian,
Hys = —%Vz + Vis(r), (2.17)

with

5EHartree 6EXC

VKS(T) = ‘/ext(r) + (577,(7') 577,(’!‘)

(2.18)

The solution to these system of equations can be solved iteratively until self-consistency is reached.
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From there, the ground state electron density, total minimized energy, and all derivable quantities

are obtained.

2.2.3 Exchange-Correlation Functionals

The Kohn-Sham equations transform the Hohenberg-Kohn theorem into a tractable problem, with
all terms containing independent-particle expressions. The exchange-correlation energy Exc[n],
however, which contains the many-body interacting electron problem remains to be specified. The
exact form of Exc[n] is exceedingly complex and non-analytical, however with a number of as-
sumptions, we can successfully approximate the exchange-correlation functional. There are a range
of functionals from those which have simple approximations of exchange and correlation to those
which use exact exchange. These functionals, forming so-called Jacob’s ladder of density functional
approximations [51-53], generally sacrifice computational cost for higher accuracy. This section
will review several exchange-correlation functionals, especially those that are used in this thesis.

One of the first proposals for the exchange and correlation energies relies on the assumption
that solids can often be considered close to the limit of the homogeneous electron gas. In that limit,
the effects of exchange and correlation are local in character. Kohn and Sham therefore proposed
the local density approximation (LDA) for the exchange-correlation functional forming the first run
of the ladder. This energy functional simply integrates over all space with the exchange correlation
energy density at each point assumed to be the same as a homogeneous electron gas with that
density:

ELPA[] = / () SR [ ()] dr. (2.19)

The exchange-correlation energy density can be separated into the exchange and correlation con-

tributions, which are known analytically and quantum Monte-Carlo methods, respectively [54,55].
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Perhaps surprisingly, this simple approximation works well for predicting properties in a wide range
of materials [40]. LDA tends to overestimate the binding energy between atoms in a solid, therefore
underestimating bond lengths, lattice parameters, and overpredicting phonon frequencies, elastic
moduli, and cohesive energies [56].

The next step up Jacob’s ladder is the semi-localized generalized gradient approximation
(GGA). As its name suggests, it incorporates information about the gradient of the charge density,

Vn(r), into the functional. The exchange-correlation energy has the form:

ELPA[] = / () B [ (1) dr (2.20)

Unlike LDA, there are multiple GGA functionals [57-60] as the exchange-correlation energy density
is dependent on an exchange and correlation enhancement factor, which differs depending on the
choice of functional. The GGA functional developed by Perdew, Burke, and Ernzerhof (PBE) is
one of the most commonly used functionals and has been used to benchmark many DFT codes [61].
GGA functionals fix the overbinding error of LDA functionals, but tend to slightly underbond
and overestimate cell volumes. In this thesis, we typically use the PBE functional revised for
solids (PBEsol), which is a version of PBE that improves the accuracy of bond lengths and surface
energies [62]. Although GGA functionals are more computationally expensive than LDA, the
increased cost is nearly negligible compared to the improvement in overall accuracy.

Beyond GGAs, the next rung in Jacob’s ladder of functionals is the meta-GGAs, which in
addition to the energy density and gradient of the energy density included in GGA, includes the
kinetic energy density, t[n(r)]. In order to uniquely define the kinetic energy density, it can be

considered as the sum of two parts, t[n(r)] = t,[n(r)] + 72[n(r)] where all the nonuniqueness is
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in the term ¢, () which depends on the density n(r). The “exchange kinetic energy per particle,”
7(7), has a physical meaning; it is the curvature of the exchange hole and the basis for the electron

localization function (ELF) [63]. 7,(7) is defined by the Kohn-Sham orbitals, ¢;(r):

1 N
() = 5 > IVei(r))? (2.21)
=1

MetaGGAs aim to have more accurate predictions than GGA for a wider range of applications and
chemical systems. Some metaGGAs such as TPSS are more accurate in predicting the properties
of bulk solids and surfaces [64, 65|, but often fail to capture van der Waals’ bonding in layered
compounds [66]. Although modern metaGGAs, such as MS2 [67] and SCAN [65] show great
promise, they are still in the process of being validated for various chemical systems and applications
[68-T71].

The final functional type discussed here is hybrid functionals, which increase the accuracy of
calculations by including some percentage of non-local exact exchange. The non-local exact ex-
change is obtained from Hartree-Fock theory, which are very expensive for extended solids meaning
hybrid functional cost significantly more than any of the previous functionals mentioned here. Note
also that Hartree-Fock pertains to only exchange, there is no term to improve correlation in these
calculations. However, exchange generally contributes to the energy more than correlation. Hybrid
functionals also work best for insulators with little correlation, giving significant improvements in
band gaps and excitation energies. Metals require screened-Fock exchange to give reasonable re-
sults. Like GGAs and metaGGAs, there are many different implementations of hybrid functionals,
but I will focus only on the functionals proposed by Heyd, Scuseria, and Ernzerhof, HSE03 and

HSEO06 [72,73]. HSE is a “range separated” hybrid functional, meaning the exchange energy is



35

separated into components from the short- and long-range parts of the Coulomb interaction. This
is based on the idea that screening is dependent on the distance, with little screening at short dis-
tances and reaching macroscopic values at large distances. Within HSE, the long-range non-local

is eliminated and the exchange correlation energy is represented as

Exc = EXE® + a(By ™ = BPH0T) (2:22)

The a term can be tuned based on the property and material being studied [59,74-76], meaning

that this functional is semi-empirical, unlike the other functionals discussed thus far.

2.3 Practical Aspects of Density Functional Theory

In the previous section, I described the theory behind DFT along with the assumptions and ap-
proximations that are made in order to obtain a practical self-consistent implementation of it. This
section focuses on the numerical approximations that are necessary in the practical implementation

of the Kohn-Sham equations, which requires convergence testing to ensure accurate results.

2.3.1 Plane Wave Basis Set

Because we are modeling crystalline materials, we take advantage of their lattice periodicity and
significantly reduce the number of atoms and electrons under consideration. Given the periodicity,
we apply Bloch’s theorem [77] to further reduce the complexity. Bloch’s theorem states that any

solution to the Schrodinger equation in a periodic potential must take the form of a plane wave
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modulated by a periodic function, u, g(r),

P ge (1) = U (7)™, (2.23)

where n is the index for an electron in a band and k is a reciprocal lattice wave vector confined to
the first Brillouin zone. The periodic part of Bloch’s theorem is typically expanded in terms fo the

reciprocal lattice vector G,

U (1) = Z cngeGT. (2.24)
G

Combining Equation 2.23 and Equation 2.24, we obtain,

P k(1) = Z Cn e FTET. (2.25)
G

The Kohn-Sham equations and the wavefunctiona can now easily be solved for using this plane
wave expansion. However an exact solution would require infinite plane waves, which is obviously
impractical. To make this problem tractable and ensure an accurate calculation, one must truncate
the plane wave expansion in a DF'T calculations to include only solutions with plane wave kinetic

energies (Ecnt) less than some value:
h 2 6
‘kt + G‘ < Eeut (22 )

Care must be taken to ensure the chosen E. is converged with respect to the properties of interest.
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2.3.2 Brillouin Zone Sampling

Now that we have the plane wave basis set, we can integrate over the first Brillouin zone (BZ) rather
than all of real space in order to obtain the energy, charge density, and derivative properties. The
first BZ can be further reduced by taking into account the point group symmetry of the periodic
lattice, obtaining the irreducible Brillouin zone (IBZ). Although we have reduced the area that we
need to integrate over, to obtain an exact solution, the integration would still technically need to
be performed over an infinite number of k-points in the IBZ. However, we can reduce the number of
integrations needed to obtain an accurate result by appropriately weighting a mesh of k-points in the
IBZ and interpolating between them. The choice of k-point placement and weighing significantly
influences the efficiency of the calculations, and there are many approaches to determine the most
efficient set of k-points [78-83]. In this thesis, I primarily use the method developed by Monkhorst

and Pack in 1976 [79] to determine k-point meshes.

2.3.3 Pseudopotentials

Although we have reduced the number of plane waves needed for an accurate calculation through
the use of a basis set, the number of plane waves is still too many for practical calculations. This is
because wavefunctions of electrons near the core of an atom are highly oscillating, meaning a large
number of plane waves would be needed to accurate capture its behavior. Valence electrons, how-
ever, have relatively smooth wavefunctions and could be treated with a reasonable number of plane
waves if not for the core electrons. Additionally, bonding interactions are largely determined by the
valence electrons so accurate calculations are typically not dependent on accurate representation
of the core states. Pseudopotentials (PP) increase the efficiency of calculations by attempting to

describe the valence states without explicitly treating the core states, thereby reducing the number
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of plane waves needed in a given calculation. The core states are instead “frozen” and replaced
with an effective potential.

There are multiple pseudopotentials formalisms, among the most influential are norm-conserving
[84], ultrasoft [85,86], and the projector-augmented wave (PAW) method [87]. The two former for-
malisms suffer some limitations in DFT calculations in the “semi-core” region from nonlinearity of
the exchange-correlation functional [88]. To correct this error, elaborate nonlinear core-corrections
are required when the overlap between core and valence electrons is non-negligable, such as 4s states
in 3d transition metals [89]. However, the PAW method reconstructs the full all-electron density by
essential separating the smooth valence functions form the oscillatory core functions and allowing
them to be treated by a rough grid and fine grid, respectively, improving both the efficiency and
accuracy of calculations. The PAW method can be seen as a balance between the computational
efficiency of the pseudopotential method and the accuracy of the computationally expensive full-
potential linearized augmented-plane wave (FLAPW) method [90]. For all calculations in VASP, I

use the PAW method as implemented by Kresse [91].
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Chapter 3: Heteroanionic Materials
Design

This chapter is composed of sections from Ref. [27], which has been adapted with permission.
Sections from the manuscript have been updated with recent publications. This work was written
in collaboration with Dr. Nenian Charles. Copyright 2019 Wiley-VCH.

This chapter covers fundamental aspects of heteroanionic materials design, focusing primarily
on oxyfluorides, oxynitrides, and oxysulfides. First, I review the fundamental changes to the atomic
and electronic structures that occur with anion substitution and how these changes may be leveraged
to enhance functional properties. Then, I cover synthetic methods and characterization techniques
that can discern similar anions in the same sublattice. Finally, I review a number of functional

properties that have been enhanced through anion engineering in oxyfluorides.

3.1 Atomic Structure Considerations with Anion Engineering

Before examining changes to the the long-range structure of materials upon partial substitution of
a secondary anion, we first consider the fundamental differences between the anions. In general,
we consider the homoanionic analogues or basis structures to be oxide materials, as they are the
most well studied of the homoanionic materials. To create a heteroanionic material (HAM), we

choose a homoanionic (oxide) analogue as our base structure, then either insert the secondary anion
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FIGURE 3.1: From homoanionic to heteroanionic building units for the assembly of oxide-derived
heteroanionic materials: Heteroanionic materials are constructed from building units that exhibit
unique local coordination chemistry with multiple anions surrounding a metal center (left) of the
same (a, homoleptic) or different (b, heteroleptic) species. Typically, the number of oxide anions
(red) govern: (c) the out-of-center metal displacements that may occur toward a face, edge, or
corner of the polyhedron, which reduces the local symmetry for the metal d-orbitals, particularly
in heteroanionic materials with d° electronic configurations. Local symmetry of the building units
also depends on the geometric isomerism of the unit, e.g., cis or trans coordination. Illustration of
the structural and chemical diversity in oxide-derived heteroanionic materials (HAMs), including:
(d) a subset of those p-block anions, which combine with the oxide ion to form the structurally and
chemically diverse oxynitride (e), oxysulfide (f), and oxyfluoride (g) materials from heteroleptic
polyhedra. (h) BiCuOSe is a heteroanionic material comprised of homoleptic polyhedra, which
distinguishes it from the other materials (broken line). The annotated slice of the periodic table in
(d) indicates the anion electronegativies based on the Pauling scale, ionic radii for four-fold coor-
dination (S2~ based on sixfold coordination), and the bound coherent scattering lengths. In these
materials, the exchange of an anion for oxide as in 02~ — N3~ (O?~ — F!7) requires compensa-
tion of excess (deficit) charge, which often necessitates that binary heteroanionic oxynitrides are
composed of cations with high oxidation states (Ti**, Zr**, Ta®t, Nbo+, Mo?+5+ W5H06+) as in
TaON. In oxyfluorides, on the other hand, late transition metal cations are compatible with lower
oxidation states.
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or exchange it with some portion of the oxide anion sublattice. However, successfully exchanging
one anion for another requires careful consideration of the size, electronegativity, and valence with
the global composition of the heteroanionic material in determining the final crystallography of
the structure. The portion of the periodic table appearing in Figure 3.1d illustrates the inherent
physical and chemical differences of a subset of the elemental p-block anions to combine with the
oxide anion in heteroanionic materials.

The relative size of anions affects the number and shape of the coordination polyhedra, which
may be justified by applying Pauling’s radius-ratio rule. Common polyhedral unit shapes found in
HAMs include tetrahedra, square pyramids, and octahedra. For oxyfluorides with metal anionic oc-
tahedral units, these heteroleptic units may be [MO3sF3], [M O2Fy], or [M OF5] units (Figure 3.1c).
Owing to the ionic size of the anion, usually only the nitride and fluoride anions are able to substitute
easily for the oxide anion in these units (Figure 3.1e-g). Other suitable halides and chalcogenides
are typically too large to coordinate the same transition metal ion, and thus layered structures tend
to crystallize with various homoleptic polyhedral motifs in the unit cell (Figure 3.1h).

Additional implications of the size similarities of the anions are that co-occupancy of the same
ligand site by two different anions may occur and give rise to disorder about the metal center.
Naively, one anticipates that heteroanionic materials should exhibit complete disorder of the anion
sublattice defining the polyhedral network; however, even in the dilute insertion or exchange limit,
the substituted anions demonstrate site preferences about the metal centers [28,29] and partial
or complete order of the heteroleptic unit occurs [92]. Generally, long-range anion order tends to
occur in heteroanionic materials when the difference in ionic radius of the two anions is significantly
large. For example, oxysulfides tend to have long-range order owing to the significantly larger ionic

radius of S*~ (1.84 A) compared to O?~ (1.35A) despite the same formal oxidation state, and
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oxynitrides and oxyfluorides tend to be disordered. Nonetheless, oxynitrides and oxyfluorides do
exhibit short-range order and the degree of long-range order is sensitive to processing conditions.
These changes in ionic radii and the (an)isotropic distribution of multiple anions can affect both
the equilibrium lattice constants (of the global crystal structure) relative to the homoanionic oxide
and local structure in heteroanionic materials.

There are multiple configurations of anions about the metal centers (i.e., geometric isomers)
available for the [MO9F4] and [MO3F3] units. For [MO2Fy], cis and trans configurations are
possible and for [M O3F3], fac and mer units can form (Figure 3.1a,b). Changes to the local anion
order in the heteroleptic unit lead to different local site symmetries for the cations (Figure 3.1c). In
general, cis and fac units are more favored [93,94], particularly when the cation is a d° transition
metal, because having anions with similar Pearson hardness [95] near each other maximizes the -
hybridization in the M—anion bonds. The hybridization is reinforced by allowing atomic relaxations
toward characteristic bond lengths [96-103]. The inherent contrast between the anions also causes
displacive nonidealities such as rotations and distortions to the polyhedral units, which are discussed
later. w-hybridization favors the cis configuration for more electronegative anions over the trans
anion arrangement in heteroanionic materials with d° transition metal cations, for example in for
Mo-centered [MoO2F 4] heteroleptic units. In contrast, the trans anion arrangements with 4/mmm
(D4p) point symmetry are observed in PbsW30OgF 1y where trans-oxide anions bridge ribbons of
trans-[WO2F4] and [WOg] units [104].

The atomic number and coherent neutron scattering length serve as proxies for the ability
of typical structural characterization techniques, X-ray and neutron diffraction, respectively, to
distinguish between anions in heteroanionic materials. The larger the difference between each

respective parameter, the easier it is to distinguish the elements using each technique. For example,
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although it is difficult to distinguish N3~ from O?~ using X-ray diffraction techniques, neutron
diffraction will readily distinguish the two. Sulfide ions are readily distinguishable from oxide
ions owing to their higher atomic scattering factor. As a result, anion ordering in oxysulfide
materials is more easily determined experimentally than in oxyfluorides and oxynitrides. Additional
characterization techniques to distinguish species in the anionic sublattice will be discussed later.

Heteroanionic materials can exhibit one or several types of polyhedra, e.g., tetrahedra, square-
pyramids, and octahedra, linked in some fashion. The units may share corners, edges, and faces,
making connections to form 1D chains, 2D layers, and complex 3D networks [105]. Other coordi-
nation polyhedra are also possible. Here we use simplified crystal coordination formula [106] when
convenient to describe the building blocks and their linkages. This notation places the polyhedral
units in square brackets and separates the coordination geometry of nonequivalent ligands from
the stoichiometric coefficients of the chemical formula. For example the infinite 3D homoanionic
perovskite CaTiO3 = 3 Ca[TiO3] = 23Ca[TiOg /2|, where the prefixes indicate the material is an
infinite 3D solid and the [TiO3] unit in brackets is the building unit generating the octahedral
framework with Ti coordinated by six oxide anions (6 subscript) and the oxide anion coordinated

/

linearly by two Ti (2’ subscript). The superscripts, here 3 followed by another 3, indicate the
dimensionality of the unit in brackets followed by the dimensionality of the total structure.
Owing to the multiple anions in the heteroleptic polyhedral units, misassembled units can lead
to a variety of disorder, which will affect crystal symmetry and often properties. The assembly of
heteroleptic polyhedral building units typically occurs through the most anionic (negative) ligand.
These anions preferentially form linkages to “direct” the assembly of the extended structure [107].

Although we expect the nuanced polyhedral packing principles to vary among different structure

types and compositions as the optimization of relevant energy scales (electrostatic, strain, etc.)
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can vary, there are some general features common to the assembly of extended structures using
heteroleptic polyhedra of the same or different type.

The manner in which polyhedral units assemble is sensitive to the other cations not in the
polyhedra, which are often considered to only provide the necessary countercharge balancing and
structural rigidity. An example of the importance of the A-cation in ternary HAMs governing
long-range connectivity is found in the ANaNbOF5 family (A = K, Cs) with [NbOF5]| and [NaOF5]
octahedra. Both crystals exhibit long-range order of the heteroleptic polyhedra owing to the prefer-
ence of fluoride to interact with the Na™ cations. Interestingly, the A-site cation also determines the
distinct equilibrium structures of each member of this family. Although the family can be written
stoichiometrically to resemble perovskite with an ordered A-site vacancy, the equilibrium struc-
ture for KNaNbOF5 is polar and noncentrosymmetric [108] with edge-shared polyhedra, whereas
CsNaNbOF}5 is centrosymmetric with perovskite-like corner connectivity of the polyhedra. Chem-
ical hardness in this case is important for achieving ordered heteroleptic units that assemble into
nonisostructural compounds with nominally the same chemistry. This change in connectivity alters
spatial parity, which is a symmetry that must be lifted for many acentric functionalities, e.g., piezo-
electricity, nonlinear optical (NLO) responses, etc. The absence of additional cations to participate
in ion-hardness matching may explain why anion ordered polyhedra are difficult to realize in some
binary heteroanionic materials, for example, the ReOgz-structured oxyfluoride NbOsF. Although lo-
cal anion order of oxide and fluoride about Nb can be realized experimentally, it is likely synthesis
dependent [109] and random distributions of the oxide and fluoride ions frequently occur [110] with
short-range correlated order [111].

Chemical hardness differences between oxide and fluoride ions also guide how polyhedral units

connect in the oxyfluorides RbgNa(NbOF5)2-HoO and RbsNa(MO2F4)-HoO (M = Mo, W) [112],



45

which exhibit partial anion order. These materials would be isostructural if their [NbOF5] and
cis-|M O9F 4] octahedra, respectively, were homoleptic. However, these materials show both anion
order and disorder about different inequivalent Nb/M sites. The partial anion order is largely
directed by chemical hardness, the preferential bonding between Na and F, as in the ANaNbOF;5
family. Secondary factors affecting the connectivity of the units, and thus the anion order, are
based on how “well-matched” the residual charges of the A-site and closest anion site are. The
residual charges can be calculated based on bond valence sums and the nominal valence of the ions.
When the positive residual charge was large and about equal to the negative residual charge, the

sites were ordered. When they were unequal or quite small, the sites were mixed.

3.1.1 Nonidealities

Nonidealities must be considered in designing new heteroanionic materials from polyhedral assem-
bly. These include the polar displacements of transition metal centers, polyhedral distortions (rota-
tions and shape or size distortions from electronic and magnetic instabilities), and anion sublattice
order or disorder among the linked building units, which we explore further. The latter behavior
leads to nontrivial dependencies on the former two secondary intra- or interpolyhedral distortions.
Ultimately, the interplay among all of these degrees-of-freedom determines the equilibrium crystal

symmetry and properties.

3.1.1.1 Polar Displacements

Many heteroanionic materials with heteroleptic polyhedra of varying anion-to-oxide ratios exhibit
acentric metal displacements. Metal off-centering within the [BO3F3] units appears to be ubiqui-

tous among compounds in the previously described Ao BB'O3F3 family. In addition, oxyfluorides
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with anion ordered [BOFs5] octahedral units (KNaNbOFj5, CsNaNbOF5, and RboKTiOF5) exhibit
B cations displaced toward the oxide ion forming a polar unit with 4mm (Cy,) symmetry. In oxyni-
trides AMO3N (A = Er, Sr; M = Nb, Ta) perovskites [25] with ordered cis-[M O4N3] octahedra,
the polyhedra exhibit out-of-center metal displacements towards the N3~ anion, resulting in shorter
M-N bonds and local mm2 (Cy,) symmetry. In all cases, the inherent contrast in the covalent in-
teractions between the transition metals and multiple anions leads to the formation of local dipoles

within heteroleptic polyhedra that are useful for designing noncentrosymmetric materials [113].

3.1.1.2 Octahedral Tilts

The perovskite oxynitrides STNbOoN and SrTaOsN exhibit a high-temperature tetragonal structure
[103], with space group P4/nmm rather than the expected cubic Pm3m owing to preferential
(incomplete) anion order in the [BO4Na] = 3 [BO4/9Ny /o] octahedra (B = Nb or Ta). A change
in the metric shape of the unit cell occurs because the oxide anion is smaller than the nitride
anion and when the [BO4Ns] units arrange the ¢ and a lattice constants cannot change identically.
At room temperature, these two heteroanionic materials exhibit octahedral rotations about the

¢~ in Glazer notation [114]), which were found to depend on the cis-ordering

tetragonal axis (a’a
of the two nitrides in each [BO4N3] and the successive connectivity of these polyhedra. Interestingly,
this tilt pattern is the same as that found in the low-temperature polymorph of the homoanionic
oxide perovskite SrTiOg, which is known to be an incipient ferroelectric, and may have motivated
searches for ferroelectricity in thin film SrTaOsN [115]. One consequence of the octahedral tilts in
heteroanionic materials is that the structural distortion will lift crystal-site symmetries that require

some anion positions to be equivalent. As a result, these oxynitrides are strictly not tetragonal

but rather exhibit monoclinic symmetry. In addition, the type of octahedral tilting can be tuned
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with metal chemistry as in homoanionic materials such as alkaline-earth and rare-earth titanate
oxides; for example, the substitution of Sr with Ca (and other smaller ionic radii metals like La, Ce,
and Pr) cause additional tilts to occur, specifically the pervasive orthorhombic a~a~ct Pbnm tilt
pattern [29,93,116]. As before, long-range anion order results in symmetry reductions (although
usually with preservation of inversion symmetry) depending on whether the octahedral [TaO4N3]
units arrange in two or three dimensions [117]. Similar interplays between (partial) anion order

and octahedral tilt patterns are observed in transition metal oxyfluorides [118].

3.2 Electronic Structure Changes

The essence of electronic structure design in transition metal compounds (TMCs) is rooted in the
modulation of electronic states near the Fermi energy by changing the chemical interactions between
transition metal d states and ligand p states. In solids, the choice of anion can greatly determine the
size of bandgaps, orbital hybridization, band dispersions, crystal field splitting, etc., because the
anion p levels are completely filled and lie below those of the metal. The combination of transition
metals with d levels that are either empty or filled with n d electrons (d"-electron configuration) and
multiple anions will lead to a variety of electronic structures and physical properties of heteroanionic
materials. In this section, we review the consequences of the metal valence (electron filling) and
the exchange of anions with electronegativities and charge that differ from O?~ on the distribution
of the low-energy orbital states and electronic properties of heteroanionic materials.

First, we note that even in relatively simple heteroanionic materials, one does not find that the
material’s electronic structure is described simply as a superposition of the electronic properties
of the homoanionic components. Although prior work has established that the difference between

the cation and anion electronegativities correlate well with the size of bandgaps of many insulating
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solids [119], the application of Vegard’s law often fails to provide an adequate description of the
electronic structure [120].

Consider for example the “simple” binary oxynitride SioONs. Electronic structure calculations
based on density functional theory (DFT) show that the electronic density-of-states (DOS) of
the oxynitride SioONy cannot be reproduced by a superposition of the homoanionic constituents,
SisNy and SiOg [121]. How does the crystal and local structure of the heteroanionic material
compare to that of the closest binary homoanionic materials? The silicon nitride (SizgN4) and
oxide (SiOz) both exhibit tetrahedral bonded networks of homoleptic 2 [SiNy/3] and 2,[SiO4/o]
units, respectively. The polar oxynitride SioONy (space group Cme21) also exhibits a tetrahedral
silicate-like network; however, it is composed of heteroleptic 2_[SiO; /2 N3 /3/] units. The structure
is assembled from units that are corner-connected in a manner that allows Si to be surrounded by
three triple-bridging nitride anions and one linear bridging oxide anion. This connectivity leads to
an effectively layered anion sublattice in the 3D structure and the absence of inversion symmetry.
Now, how does the change in atomic structure affect the electronic structure? Add dos? Because
the electronegativity of N3~ is less than that of O?~, the Si-N bonds are more covalent than the
Si—O bonds. The covalency (or ionicity) of SiaONj is not the same as the average covalency of SizNy
and SiO3 owing to the inductive effect [122], which causes a redistribution of charge in the chemical
bonds. In homoanionic d° oxides, the valence band electronic structure is nominally O 2p character
(discussed further below), and the inductive effect will destabilize the N 2p states relative to the
O 2p states such the nitride states form the band edge (Figure 3.2a). The net effect is to reduce
the overall size of the charge-excitation gap in the material, shifting the absorption edge from the
UV to the visible. This materials understanding of the role of anion chemistry makes is possible

to design optical gaps by control of anion-to-oxide ratios [97]. In addition, the added anion-order
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decreasing electronegativity
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FiGURE 3.2: Electronic-structure changes due to additional anions within a polyhedral unit used
to construct the heteroanionic material: modifications to the transition metal d orbital structure
induced by arranging different chemical species on a lattice can alter electronic, magnetic, and
optical properties. (a-c) The schematic density-of-states (DOS) for d° (a) and d" compounds
exhibiting Mott-insulating (b) or charge-transfer insulating (c) character depict the changes in the
cation d orbital and anion p orbital energies and bandwidth, indicated by the arrows in the first row,
compared to their oxide analogue. The orange and blue boxes in (c¢) differentiate positive charge-
transfer and negative charge-transfer insulators, respectively. The broken lines in the negative
charge-transfer insulator section indicate the splitting of the O 2p band to form a gap. The inset in
(b) is a modified version of the Zaanen-Sawatzky-Allen diagram, showing the metal-insulator phase
boundaries based on values of U and Acr. The colored dots represent the qualitative change in Agr
upon anion exchange into the homoanionic oxide. The inset in (b) is adapted with permission. [1]
Copyright 1994, American Physical Society.
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degree of freedom makes it possible to access a variety of bandgaps because the manner in which
the heteroleptic polyhedra assemble together affects the symmetry allowed orbital hybridizations
between ligand p and metal d states [117].

Second, the size and character of the bandgap depend on the d-band filling. For stoichiometric
d’ compounds, one expects the bandgap size to decrease with decreasing electronegativity from
fluorides to sulfides (Figure 3.2a). The electronic structure of d® TMCs with interacting electrons
requires additional considerations and is often rationalized within the Zaanen, Sawatzky, and Allen
(ZSA) framework, which was originally introduced to understand the energy scales leading to metal-
insulator transitions in homoanionic oxides [123]. The ZSA scheme is sufficiently complete, such
that it includes the main energy scale often used to understand the electronic structure of many
materials, that it can be extended to heteroanionic compounds with heteroleptic polyhedra as we
show below. In this section, we briefly summarize this scheme and show how the framework can
be used to rationalize and design the electronic structure of HAMs, focusing on compounds with
heteroleptic building units. For a more detailed introduction to the ZSA scheme, readers can refer
to Refs. [12,124].

The first important energy scale is the on-site Coulomb energy (U), which acts to localize
electrons onto the metal site and produce insulating behavior in non-d° transition metal compounds.
In such Mott-Hubbard insulators, the bandgap scales with U, which is the energetic cost to doubly
occupy a metal orbital manifold with an additional electron from another metal site via the charge
transfer process, d"d” — d"'d™*!'. This energy scale competes with the electronic bandwidth
(kinetic energy) of the system, W, which is dictated by the interatomic hopping strength ¢. The
main hopping interaction favoring electron delocalization is between anion p and metal d, therefore

tpa o< W depends on the orbital overlap between the transition metal and coordinating anion,
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i, which for a heteroanionic material becomes anion dependent W;. Generally, Mott insulating
behavior arises when the bandwidth is less than the U interaction, i.e., with localized d electrons
and localized moments, as in early transition metal compounds.

In addition, the filled dispersing anion p bands arise from pp hopping, and therefore, another
key energy scale is the charge transfer energy (Act), which corresponds to the energy needed to
transfer an electron from a filled anion band to an empty d band. The charge transfer energy is
directly related to the electronegativity of the anion [123] and will have the largest effect on the
electronic structure of heteroanionic materials. A simplified description of Acr within a single-
particle framework is given by the reaction d"p® — d"*!p®. Chemically one may consider this as
0?2~ — O~ for the oxide anion or equivalently as the formation of a ligand hole L on the anion p
orbital and a metal d"*!L configuration. The sensitivity of the electronic structure on this energy
scale is explicitly seen in isovalent homoanionic transition metal oxides and sulfides, which are
expected to have comparable U values; late transition metals such as Co, Ni, and Cu oxides are
insulating whereas the corresponding sulfides are metallic [123,125].

In non-d’ materials, the ZSA scheme reveals that the balance of U/W versus Acr/W de-
termines if a material will be metallic or insulating. The insulator, as discussed above, is either
Mott-Hubbard-like or charge-transfer-like depending on whether the U or Acr energy scale is
greater. Note that U systematically increases from left to right along a transition metal row while
Act decreases for homoanionic materials due to increased nuclear charge. For Act < U, the
lowest energy excitation is from a filled p band to an empty d orbital, which leads to the “charge-
transfer insulator” classification for such compounds. In contrast, the charge gap will be d—d when
Act > U (Figure 3.2b). Electronic insulator-metal transitions then occur for critical values of

Coulomb strength U¢ < U < A (Mott-Hubbard insulators) and U > Act > Agy . For Act > 0,
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strong bonding-antibonding splitting of the pdo orbitals leads to bonding orbitals far below the
Fermi level and antibonding d-derived orbitals as the low-energy electronic structure. The anti-
bonding states may then be partially occupied by selecting various cation valence states, which
makes it possible to design the electronic and magnetic states of homoanionic compounds. As
described below, these states can be further tuned when more than one anion is present in the
coordination polyhedra.

As one reduces U or Acr, the material should become metallic owing to orbital overlap (see
inset, Figure 3.2). Indeed, one would anticipate that as Acr decreases from a finite value (and
U # 0), a metallic or semimetallic state should emerge, but a significant number of oxides remain
insulating in this regime owing to p-d orbital hybridization that opens a covalent-bonding gap
with a negative charge transfer energy (Act < 0). In these compounds, an electron has fully
transferred to the transition metal, making the ground state d"T'L. This behavior is also known
as self-doping [126], and may result in negative charge transfer insulators that are distinct from the
other aforementioned insulators (Figure 3.2¢). Compounds with Act < 0 are of increasing interest
to chemists and physicists. For example, the anion-hole character has recently been exploited for
cathode design [127-129] and new charge and orbital ordering states [130] have been reported in
compounds exhibiting unusually high metal oxidation states.

Typically, negative charge-transfer oxides contain transition metals with a high formal valence
and are found near the end of the 3d transition metal series, such as NaCuOy [131] and rare
earth nickelates [132]. Small or negative Act energies can be designed by selecting transition
metals with large electron affinities (obtained by a high oxidation state) and/or anions with smaller
electronegativities. Because of their lower electronegativities, oxynitrides and oxysulfides with late

transition metals are expected to be negative charge transfer insulators. Note that Ni3*, Cu3*t
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and formally Co%*t and Fe'* will be negative charge transfer insulators or exhibit mixed-valency,
which will lead to metallicity or narrow gap semiconductivity. In contrast, oxyfluorides are likely
to be positive charge-transfer insulators (Figure 3.2c). Although there are theoretical examples of
positive charge transfer insulators in oxyfluorides [94], we are unaware at this time of any published
oxynitrides or oxysulfides that are negative charge transfer insulators.

An example of heteroanionic materials design of electronic properties is in the performance
of layered transparent p-type semiconducting oxychalcogenide LnCuO@Q (Ln = La, Bi; @ = S,
Se) [133-137]. It was designed and realized by exchanging oxygen with an isovalent and less elec-
tronegative anion to reduce the tendency toward hole-carrier localization at the top of the valence
band. Several compounds in the LnCuO@ family were found to be wide bandgap materials with
a highly dispersive valence band [137] and p-type electrical conductivity [134,136], demonstrating
the advantage of moving a materials science focus from cation to anion design strategies.

In addition to the U and Act energy scales, crystal field interactions and spin-orbit coupling
may be exploited for electronic structure and spin-crossover control. In heteroanionic materials,
the choice of anion and degree of anion order can significantly affect the crystal field splitting and
antibonding d-derived orbital energies, which govern the magnetic and electronic properties in d"
materials. There are two contributions to the crystal field splitting: the large Coulomb interaction
of the d electron with the charged anions and the smaller pd hybridization (covalency), which may
be equally important for some negative charge transfer insulators [138]. The spectrochemical se-
ries approximates the amount by which the electrostatic fields generated by the different ligands
modify the energy difference among the metal d-orbitals. Note that of the anions discussed in this
review, the nitride ion is the strongest ligand while the sulfide is the weakest. The N3~ anion there-

fore induces the largest orbital modifications (crystal field splitting) and S?>~ induces the smallest
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FicUrRe 3.3: Crystal field effects in heteroanionic compounds with multiple anions in a single
coordination unit: (a) Changes in d orbital degeneracies and energy splitting for a transition metal
(M) cation with d' electronic configuration in the regular octahedral coordination with no bond
distortions, [MO,Fs_,] (z = 1-6). (b,c) Calculated crystal field energy, Dq, under tetragonal
distortion of the octahedral unit for a trans-[MO4F3] (b) and trans-[MO4N3] (c) heteroanionic
building unit, where two fluoride or nitride ions, respectively, are located at the apical sites and
four oxide ions occupy the equatorial sites as illustrated in the insets of (b) and (c).

(Figure 3.3). Given a hypothetical oxyfluoride compound AMO,F3_, where the anion sublattice
possesses a statistical distribution of oxide and fluoride ions, the crystal field splitting varies linearly
with anion concentration. However, if the heteroleptic polyhedra are ordered, then the relation-
ship between crystal field splitting energy and anion concentration is considerably different, to the
advantage of the electronic structure designer.

Figure 3.3a illustrates the evolution of the crystal field splitting for a transition metal cation
octahedrally coordinated by oxide and fluoride ions with varying anion configurations with uniform
metal-anion distances. Here only the electrostatic effect is included. The e, orbitals exhibit stronger
electrostatic repulsions (and larger hybridization, not shown) than the ¢y, orbitals because the
ligands are pointed directly at them. As dictated by the spectrochemical series, the crystal field

splitting energy (CFSE) of the eg (d,2_,2 and ds,2_,2 and toy (duy, dez, dy.) is smallest (5Dq) for



95

the [MFg] fluoride unit compared to the [MOg] oxide (10Dq). In an ideal octahedral geometry,
the constituent orbitals of the e, and t2, manifolds are degenerate for the homoanionic oxide and
fluoride compounds. However, the electrostatic anisotropy introduced by the ordering of oxide
and fluoride ions lifts the degeneracy of the orbitals in the e, and t5, manifolds. We note that
the hierarchy of orbitals is also anion-order dependent. For example, the energy splitting between
eg and ta, is straddled by the d,2_,2 and dg, orbitals for trans-[MOyF4] and d3,2_,2 and d,. for
cis-[M O2F 4] configurations.

Figure 3.3b,c further demonstrates how the choice of anion within a specific octahedral con-
figuration affects the evolution of the crystal field splitting energy in a lattice under a tetragonal
distortion, corresponding to the constraint found in many layered structures or mechanically im-
posed by thin-film epitaxy. In the trans-[MO4F3] configuration with 4 in-plane oxide ions, the
substitution of fluoride ions on the apical sites results in a lowering of the electrostatic repulsion
along the z direction, thus lowering the energy of the ds,2_,2 orbital relative to that of the d,2_,2
orbital (Figure 3.3b). On the other hand, substituting the higher valence N3~ anion on the api-

cal sites instead of F~ results in a larger CFSE and lowering of the d,2_,2 orbital compared to

-y
the ds,2_,2 (Figure 3.3c). In addition, the evolution of the CFSE is markedly different for the
oxyfluoride compared to the oxynitride under the tetragonal distortion. These features indicate
that reliable control of anion order in heteroanionic materials offers a platform for bandstructure

design. In the following sections, we further highlight how heteroanionic materials can enhance

technologically useful properties and induce new exotic phenomena.
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TABLE 3.1: Common synthetic routes to realize heteroanionic materials. A check mark in the
corresponding synthetic method row and products column indicate that there is a published report
of the synthetic method producing a heteroanionic oxide compound.

. Products
Synthetic method Oxynitride Oxysulfide Oxyfluoride
Solid state synthesis v v v
Bulk Hydrothermal and Solvothermal v v v
Nidridation/fluorination v v
Pulsed laser deposition v
Thin Film | Chemical vapor deposition v v
RF Sputtering v v

3.3 Bulk and Thin Film Synthetic Methods

Synthesizing materials with multiple anions presents new challenges compared to typical homoan-
ionic synthesis. Typically, HAMs are metastable owing to the increased entropy from decorating
the anion sites with two different anions and thus may require more than typical solid state syn-
thesis in order to produce the desired phase. Another barrier to entry for materials scientists may
be equipment needed to handle the extremely hazardous starting materials that are often needed
to synthesize HAMs, such as Fo gas, aqueous HF, and HaS gas. Here we provide an overview of
common solid state and thin film synthetic techniques that are used to prepare the three classes
of HAMs discussed in this manuscript (Table 3.1). Synthetic methods have an effect on sample
quality and whether the anion site on interstitial sites (particularly in oxyfluorides) [139], it appears
to have little to no effect on the degree of anion order in the compound.

By far the most common preparation for bulk materials is solid state synthesis. Solid state
reactions are suitable for synthesizing materials in which the heteroanionic compound is the most
thermodynamically stable compound of the starting materials. Because nitrogen, fluorine, and

sulfur are all liable to react with ambient air, these reactions often take place in non-ambient
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atmospheres, such as vacuum sealed quartz or a flowing inert gas (N3, Ar). For example, the
synthesis of ReAlO3N (R = rare earth) took place in sealed nickel tubes under No gas, SroFeOsF
was synthesized under Ar gas [140], and LnsTi3S905 (Ln = Nd, Pr, Sm) was prepared in an
evacuated quartz tube [141,142]. To access metastable phases using solid state synthetic methods,
external forces can be applied during the sintering step. High pressure solid state syntheses have
been very successful in reaching metastable, heteroanionic phases. This method has synthesized a
family of n = 1 Ruddlesden-Popper type oxyfluorides, SroMO3sF (M=Mn, Co, Ni) [143-145]. We
note that other members of this structural family, SroScOsF [146] and SroFeOsF [147], have been
prepared through typical solid state syntheses. Oxynitrides have also recently been synthesized
using high pressure synthesis [148].

Hydrothermal and solvothermal methods have also been successful in synthesizing heteroanionic
materials, particularly oxyfluorides. Solvothermal synthesis refers to the heterogeneous reactions
in an aqueous media in a sealed or closed system [149]. When the system is heated above the
boiling point of aqueous media, the vapor pressure of the system increases which has a signifi-
cant effect on the mobility and solubility of the reacting species. Hydrothermal refers to syntheses
where water is the aqueous media and solvothermal refers to any other solvent. Hydrothermal
methods often produce higher quality samples compared to solid state methods [150] and have the
advantage of accessing metastable phases without external forces. For example, the hydrothermal
method can produce both the (metastable) centrosymmetric and (ground state) noncentrosymmet-
ric polymorphs of KNaNbOF'5 while solid state synthesis can only produce the noncentrosymmetric
polymorph [108,151]. For oxyfluorides, hydrothermal methods have been very successful because
the reactions can take place in HF', which acts as both a fluorine source and mineralizer. Solvother-

mal synthesis have been used to synthesize a few oxysulfides, however these are the layered-type
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oxysulfides, such as BiCuOS [152] and BiyO2S [153], where O and S do not bond to the same cation.

Topotactic synthesis methods such as nitridation and fluorination have had some success in gen-
erating heteroanionic materials. These methods start with a precursor oxide that has an analogous
cation chemistry and structure as the desired heteroanionic phase. From this point, nitridiation or
fluorination can take place, or the oxide can be reduced to try and control the insertion of the second
anion into specific sites, as done in the synthesis of Sr7MnyO;3Fy [154]. Syntheses of oxynitrides
typically attempt to reduce and insert nitrogen in the same step. Oxynitrides are typically prepared
using so-called gas-reduction nitridation or ammonolysis in which NHz or NHs—CHy act as both a
reducing and nitriding agent. Another method for oxynitride synthesis is carbothermal reduction
and nitridation, which uses carbon powder as a reducing agent and No gas as a nitriding agent [155].
In oxyfluorides, the reducing step (if done) takes place separately from the fluorination step. In
the synthesis of anion ordered SryMn4O;3F2 [154], the oxide analogue is reduced using CaHg, then
fluorinated with 5% F2 /Ny at elevated temperatures. Fluorination can take place through gas-solid
or solid-solid reactions with common fluorinating agents including Fo gas, XeFq [156], NH4F [157],
MFy (M = Ni, Cu, Zn, Ag) [158,159], polyvinylidene fluoride (PVDF') [160,161], and polytetrafluo-
roethylene (PTFE) [162]. These methods will often partially or fully substitute fluorine or nitrogen
into anion sites. They may also insert a layer of the fluorine or nitrogen into the structure, as in
the fluorination of n = 2 RP LagNisO7, which inserts an interlayer fluorine sheet into the structure
as well as substituting 25% fluorine onto the apical oxygen sites [118].

Thin film synthetic methods: Oxynitrides are the only class of HAMs that have been reli-
ably synthesized in good quality, stoichiometric films with controlled anion order [163]. Pulsed
laser deposition (PLD) and nitrogen plasma assisted PLD (NPA-PLD) have been successful in

synthesizing epitaxial perovskite oxynitrides (ATaO;N where A = Ca, Sr, Ba) on a variety of
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substrates [115,164-166]. Studies suggest that the anion coordination (i.e. trans vs. cis) may be
controlled via epitaxial strain in perovskite oxynitrides [166]. Reactive frequency (RF) sputtering
has been used to synthesize oxynitrides, with varying degrees of success in achieving stoichiometric
films [167-169]. Chemical vapor deposition (CVD) and atomic layer deposition (ALD) have been
used to synthesize oxynitrides, particularly SiO,;N,, but like RF sputtering, these systems are still
non-stoichiometric.

Stoichiometric oxysulfide films have not been synthesized to our knowledge. Non-stoichiometric
oxysulfide Zn(O,S) films have been prepared using atomic layer deposition (ALD) by reacting of
diethylzinc (Zn(CqoHs)2) with deionized water and hydrogen sulfide [170]. Oxyfluoride thin films
have been made by fluorinating an oxygen deficient thin film made by molecular beam epitaxy
[161,171] or pulsed laser deposition [172-177], however, these all produced non-stoichiometric films.
To our knowledge, there is only one known case of fluorinating an oxide thin film to produce a
stoichiometric oxyfluoride, which is the fluorination of epitaxially thin films of SroRuQO4 to produce

SI‘QRuOgFQ [35, 178] .

3.4 Description and Characterization of the Anion Sublattice

Ordering in heteroanionic materials must be specified on both the local and long-range scales.
Often in heteroanionic materials, only one type of ordered metal-anion polyhedra (e.g., [MO5X],
cis-[MO4Xs], trans-[MO4Xs], etc.) exists in the structure, but the average structure shows fully
disordered anion sites or multiple sites with partial anion occupancy. This indicates that although
the local polyhedral units are ordered, disorder can still occur on a longer length scale through the
random alignment of units (also called orientational disorder). In order to fully describe ordering

on the anion sublattice, ordering must be specified on the local (i.e., polyhedral unit) scale and in
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the long-range crystal structure. Here, we define the different types of anion order and disorder
that can occur in heteroanionic materials and identify some of the techniques that can characterize
the local and long-range order.

In the context of heteroanionic materials, ordered local structure indicates that the structure
only contains one configuration of a polyhedral unit. This specifies the anion order about the metal
cation, meaning that structures containing both cis- and trans-[MO2X4] are not included. On
the local scale, disorder in these systems comes in two different flavors. The first is polyhedral
disorder, in which multiple configuration of polyhedral units are observed in the crystal structure.
For example, NbOoF exhibits local anion order (—OOFOOFOOF—) along columns in the <001>
direction with no correlation between columns [179]. This leads to the structure having multiple
configurations of its octahedral units within the structure. We represent this as a polyhedra with
fully disordered anion sites. Dynamic disorder overall appears similar to polyhedral disorder, except
the origin of the disordered sites is from the polyhedral units rotating or vibrating on a shorter
timescale than the measurement. This is observed in the high temperature phase of KNaNbOFs5,
where if the temperature is lowered, the degree of disorder is slightly reduced. This is explored
more in Chapter 5.

Long-range ordering is viewed in the context of the “average” structure over multiple unit cells.
On this scale, the anion sublattice can be broken into components with anion order or disorder.
Ordered anions occur when each anion site is fully occupied by one anionic element. Descriptions
of disordered systems come in few different flavors. In a fully disordered system, all anion sites
have equal fractional occupancies. In a partially disordered system, one or more anion sites are
fully occupied and the other sites are occupied by equal fractional occupancies. In a preferentially

disordered system, all anion sites are fractionally occupied but the sites have the different fractional
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occupancies.

Characterizing anion order in heteroanionic materials typically requires more than one tech-
nique to verify the local and long-range order. Long-range or “average” structural techniques such
as x-ray and neutron diffraction are very common, but often gives an incomplete description of anion
ordering in a heteroanionic material. Characterizing the anion sublattice with x-rays is particularly
difficult in oxynitrides and oxyfluorides because the electron density surrounding the anions is very
similar. Anion order can sometimes be determined using a combination of structure refinements
from high resolution x-ray diffraction (single crystal or powder) and bond valence sums [151], but
this typically only works for structures with fully ordered anions. Unlike x-rays, neutrons can dis-
tinguish oxygen and nitrogen, making it a common technique in oxynitride research [25,103,180].
However, neutron diffraction requires a large volume of sample that may or may not be feasible for
a given compound.

Local structural probes are extremely useful in the case of oxyfluorides because it can help
distinguish between the two anions. Pair distribution function (PDF) analysis is becoming more
common in oxyfluoride research because of its ability to determine the local structure [4,101, 181].
19F NMR, when coupled with an additional structural probe such as PDF, can distinguish anion
ordering and identify the correct fluorine site [4,182]. A couple of microscopy techniques have been
used to probe local anion order. Electron diffraction, including diffuse scattering, has also been
helpful in determining anion order [93,179, 183, 184]. Recent publications have also used inverse
photoelectron holography to probe the local structure throughout SrTaOoN thin films [185].

Spectroscopic characterization methods have been used as a method of determining the lo-

cal coordination of metal-ligand polyhedra. Oka et al. used linearly polarized X-ray near-edge
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structure (LP-XANES) and electron energy loss spectroscopy combined with scanning transmis-
sion electron microscopy electron (STEM-EELS) to reveal an increase in the N occupancy of apical
sites in epitaxial thin films of Ca;_,SrTaO,N with increased compressive strain. Previous studies
using neutron diffraction failed to evaluate the local coordination of the [TaO4N2| octahedra. DFT
calculations and X-ray linear dichroism (XLD) measurements suggest that a higher proportion of
trans-[TaO4Ng] octahedra is the origin of the higher N occupancy. More recently in 2021, linearly
polarized x-ray absorption spectroscopy was used to successfully characterize the anion order in
oxyfluoride thin films, and similarly shows that strain affects anion order in oxyfluorides [83]. In
addition to the spectroscopic methods, these studies further highlights the ability to manipulate the
local coordination of heteroleptic polyhedral in thin films as an additional motivation for developing
epitaxial thin-film oxyfluoride and oxysulfide growth procedures, of which there are no published
stoichiometric films.

In addition to experimental techniques, computational tools can provide insight into the atomic
and electronic structure of HAMs and aid experimentalists in the synthesis of new materials. Den-
sity functional theory has been used frequently to determine the most likely structure adopted by
a compound from candidate structures determined from experimental studies. It can also predict
stable configurations of novel heteroanionic materials and potential synthetic routes to produce
the desired phase. Recent studies have verified the accuracy of first-principles calculated Pourbaix
diagrams [186], which can aid the synthesis of heteroanionic materials in hydrothermal reactions
or other syntheses in aqueous conditions. Medium- and high-throughput techniques, which have
shown success in discovering novel materials with enhanced properties in oxides [187], have also
begun to be used in HAMs [188]. Derivative structure algorithms such as enumlib [189-191] and

SOCCR [192] can be used to generate the large structure set of potential anion orderings from
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which, high-throughput DFT calculations can be used to evaluate their stability. Virtual crystal
approximations, creating a new ion that is a mix of two or more pseudopotentials, can be used to
model mixed occupancy anion sites, this approach is time consuming as it requires rigorous testing
and benchmarking to determine how “correct” the ion behaves compared to experiment.

Other computational methods include using molecular dynamic (MD) simulations, which can
model temperature and dynamical effects on longer time scales. MD has been used in combination
with experimental techniques and DFT to successfully determine the structure of high temperature
phases in KNaNbOF;5 [7] and BaTaO2N [96]. However, we note that this method requires that
suitable atomic potentials exist to describe the interatomic interactions. Although ab initio MD
methods (AIMD) can be performed, most MD simulations use empirical potentials, which may have
difficulty in capturing the different chemical bonding environments of the anions. For example, high-
pressure experiments were needed to obtain accurate interatomic potentials in KNaNbOF5 from
which subsequent MD simulations were carried out [7]. Monte Carlo methods can also take into
account temperature effects and are most often used to calculate transport phenomena in solids and
to assess phase transitions (structural order, ferroic, etc.). In heteroanionic materials, Monte Carlo
simulations have previously been used to confirm the measured structure of locally ordered, long-
range disordered KsMoOgzF3 given a set of constraints determined from electron diffraction studies
[179]. A combination of one or more of the aforementioned computational materials approaches
is likely required to understand the full temperature, pressure, and field dependence of structure-

property relationships in heteroanionic materials.
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3.5 Functional Properties of Oxyfluoride Materials

3.5.1 Electronic and Magnetic Transitions

Phase transitions driven by changes in chemical composition, temperature, pressure, and magnetic
fields are of broad technological interest [12], because they offer access to different spin, charge,
and conductivity states. In this context, chemical doping through a small amount of anion substi-
tution has sought to induce or enhance electronic and magnetic responses in TMCs. Insulator-to-
superconductor transitions occur in NdoCuOy4 [193] and CdaRe2O7 [194] upon fluorine doping, as
well as in other oxyhalides such as (Ca,Na)sCuO2Cly with hole doping [195]. In designing magnetic
oxyfluorides, researchers are limited to open shell transition metal cations (d'-d”). In practice,
there are few non-d°® oxyfluorides in the current literature compared to the abundance of d® Nb%+
and Ta’t compounds. One avenue to obtain a d” electronic configuration in an oxyfluoride in-
cludes starting with a non-d° transition metal or reducing Nb%* and Ta’T to produce a magnetic
HAM. In this section, we highlight one material from each approach and emphasize that these are
intended to be illustrative examples: SroCoOgsF, which exhibits spin multiplets, and an electronic
phase transition in NboOsF3, in which the niobium cations possess an average oxidation state of
+3.5 that leads to a charge-order instability.

To rationally achieve spin-state transitions, we start with a transition metal ion that can access
multiple spin states of similar energies arising from crystal field splitting energy (CFSE), Hund’s
exchange, and thermal energy. Cot and Fe?* transition metal cations are ideal as they can access
low- (S = 0), intermediate- (S = 1), and high-spin (S = 2) configurations under a cubic crystal
field (octahedral coordination). For example, SraCoO3Cl exhibits the layered m = 1 Ruddlesden-

Popper structure with corner-connected heteroleptic [CoO5Cl] = 20[0004/2,01/1,011/1,] units [196].
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FIGURE 3.4: Electronic and optical property control in heteroanionic oxyfluorides: a) Formation
of the molecular orbitals from the high-temperature monoclinic and the low-temperature triclinic
phases in NbyO2F5. The [NbO3F3] polyhedra shown in the upper right exhibit cooperative distor-
tions with symmetric metal-anion bond stretching in the charge ordered state. b) The transmittance
spectra of the deep-ultraviolet nonlinear optical materials f-BaB;0O4 and KBe;BO3F5. The inset
shows the KBe;BO3sF5 crystal grown for these measurements. c¢) The structure of KBeaBO3Fa,
where the [BeO3F| tetrahedra link together with a [BO3] borate network through a shared oxide
ion. a) Adapted with permission. [2] Copyright 2016, Elsevier. b,c) Adapted with permission. [3]
Copyright 2009, Springer Nature.
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The terminal chloride anion in the octahedral unit forms a relatively long Co—Cl bond such that
the polyhedra are closer to square pyramids than octahedra in the structure. The layered crystal
habit and the reduced coordination number stabilize the high-spin state, limiting access to a spin-
state transition and supporting a transition from short-range 2D spin correlations to long-range
3D order [197]. Additional perturbations to either the chemistry or structure (bond lengths) of the
building unit are required to achieve a transition to S =0 or 1.

Increasing the ligand strength from CI~ to F~ in the spectrochemical series increases the CFSE,
which could favor lower spin configurations, e.g., in the oxyfluoride SroCoOgsF. The constituent poly-
hedra forming this structure are similar to the oxychloride, with octahedral 2 [CoO,4 2011/ F1 1]
units and the fluoride ions also located at the terminal apical sites [92]. Although the heteroleptic
[CoO5F] octahedra are ordered, partial ordering of the long-range structure occurs with a 50/50
O/F occupancy on the apical sites. Magnetic susceptibility and electrical resistivity measurements
reveal that SroCoOsF is an antiferromagnetic insulator with a Néel temperature, T = 323 K [139].
Because the octahedra are locally ordered, the Co ions off-center, forming [CoOj;] square pyra-
mids such that the Co-F (~2.48 A) bond is weak, but nonetheless shorter than the Co-Cl distance
(~3.10 A) in the isoelectronic oxychloride. Upon increasing hydrostatic pressure, the Co—F bond
length shortens gradually to transform the [CoOs] square pyramids into [CoO5F] octahedra without
a symmetry change to drive a spin-crossover transition [198]. The high spin Co3" cation (S = 2)
gradually evolves to a low-spin state (S = 0) at 12 GPa similar to the well-known spin-crossover
transition in the homoanionic LaCoO3. The anion sublattice plays an important role in the spin
crossover transition in the heteroanionic oxyfluoride because the enhanced CFSE is due to the
changes in ligand covalency. This leads to abrupt changes in the long apical Co—(O/F) bond

lengths and in-plane O—Co-O bond angle above 10 GPa [198]. Such anisotropic pressure effects on
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the electronic structure are difficult to achieve in homoanionic analogues.

For transition metal cations with d' and d? electron configurations, temperature controlled
electronic MITs often occur when the correlation strength is comparable to or greater than the
bandwidth of the compound. Early transition metals such as Nb*" and Nb?*t exhibit orbital
degeneracies and strong metal-metal bonding, which can be utilized to design electronic transitions
relying on charge fluctuations from the instabilities derived from formally mixed-valence cation
configurations [166]. The charge fluctuations will often support a metallic state and the insulating
phase will emerge as the electrons localize over one or more (atom-center or bond-centered) sites in
the crystal due to U, which leads to a gap in the electronic structure and often crystal symmetry
breaking. The design of these types of MIT materials requires combining cations with instabilities
to the ordered state that are not so strong that the metallic state is never accessible. One avenue
to realize such materials is to use reduced oxides, which can be achieved by anion control rather
than through (co)substitution of cations.

To this end, Tran et al. reduced Nb®+ (d%) to produce the magnetic oxyfluoride NbyOoF3 using
a flux growth synthesis method known for producing reduced Nb compounds [199]. The room-
temperature crystal structure is monoclinic (/2/a) with a fully disordered anion sublattice and
[NbaO4Fg] dimeric units consisting of two NbXg (X being the ligand) octahedra that are collapsed
onto each other by sharing edges. This building unit allows for short Nb—Nb distances (~2.57 A)
and the units are then linked though shared vertices to produce a quasi-2D structure similar to
the homonanioic oxide (-NbyO5 [200]. Although the heteroleptic units are likely ordered, the site
specificity could not be determined using their X-ray diffraction methods.

Temperature-dependent magnetic measurements show an increase in the magnetic susceptibil-

ity upon cooling from a paramagnetic S = 1/2 insulating state with a precipitous drop below 90 K,
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indicating a transition that quenches the magnetic moment (S = 0). The quenching of the moment
resembles the formation of a spin-gap, typically seen in spin-Peierls materials, and coincides with
the observed semiconductor-to-metal transition in the transport data. Below 90 K, NboOsF3 single
crystals transition from monoclinic (12/a) to triclinic (P1) symmetry and the loss of a the body-
centering operation permits two inequivalent NboX1g dimers with dissimilar Nb—Nb bond lengths
in the triclinic structure (Figure 3.4a). The dissimilar bond lengths suggest a charge density wave
state emerges from the localized Nb dimerized state according to 2[Nbg]™* (semiconducting) —
[Nbo]6F + [Nby]8* (semimetallic), where the different “charge ordered” [Nbe]®* (d?) and [Nbg]8+
(d') dimers have double and single bonds, respectively. Owing to the orbital overlap of these dimer-
ized molecular orbitals in momentum space, the material transforms into a semimetallic state upon

cooling.

3.5.2 Acentric Functionalities

In order for materials to exhibit properties such as piezoelectricity, ferroelectricity, and second
harmonic generation (SHG), it is necessary that they crystallize in a noncentrosymmetric space
group [201]. Although noncentrosymmetry is common mathematically, i.e., 16 out of 32 crystal-
lographic point groups are either polar or chiral (21 are noncentrosymmetric), less than 20% of
known inorganic materials exhibit polar or chiral symmetries [202]. Heteroanionic materials are
attractive because of their inherently polar polyhedral units; in particular, the study of oxyfluoride
materials that possess the octahedral heteroleptic units [MO,F¢_5] (x = 1, 2, 3), where M is a
d® early transition metal, has intensified over the last three decades [203-205]. Despite exhibiting
building units with large local dipoles (e.g., fac-]MoO3F3] has a dipole moment of ~6.1 debye [206])

only a few oxyfluorides are found in noncentrosymmetric structures. This is due in large part to
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our limited knowledge of the mechanisms that control the cooperative assembly of the units and
the tendency for order-disorder transitions.

Aligning the assembly of polar polyhedral units to a noncentrosymmetric structure will generate
a large polarization, however, we note that this polarization is nonswitchable under electric fields.
As of this publication we are unaware of any successfully switched polar oxyfluorides. The measured
ferroelectric hysteresis loop of NagMoO3F3, which crystallizes in the R3 space group is a “banana,”
thus it does not conclusively indicate a true electric-field-induced polarization reversal [207,208].
Because the polarization arises from the order of the anions in the lattice, a possible switching
mechanism would require rearrangement of ions through some diffusional mechanism. Moreover,
the measured polarization for polar oxyfluorides is typically small compared to ferroelectrics like
BaTiOs. The approximated spontaneous polarizations (P;) of NagMoO3F3 and KNaNbOFj are Ps
= 0.021 uCem=2 [207] and Ps = 0.21 uCcm—2 [209] respectively, compared to Ps = 26 uC cm™2 in
BaTiOj3 [210]. Piezoelectric strain measurements found a ds3 value of £6.3 pC N~! for KNaNbOF}.
Although larger than a-quartz, the response is small compared to industrial standards such as lead
zirconate titanate (PZT), where the d33 component of the tensor can be as large as 480 pCN~!
[211].

Interestingly, noncentrosymmetric oxyfluorides have found greater utility in SHG applications.
According to Chen’s anionic group theory, the design of efficient SHG-active crystals requires strong
uniaxial orientational alignment of polar anionic units, which would be an advantage of ordered
oxyfluorides [212]. Indeed, noncentrosymmetric oxyfluorides routinely display SHG responses ri-
valing crystalline quartz, however few demonstrate phase matching, which is necessary to achieve
highly efficiently nonlinear optical processes [213]. For instance, NaVOF,4(H20) and NaVOgy_,Fo

originate from identical reagent mixtures, but are synthesized at different temperatures. Although
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both display SHG responses, only NaVOy_,Fa, is phase matchable [214].

A particularly active research area focuses on synthesizing NLO crystals for deep-ultraviolet
(deep-UV) frequency conversion for use in semiconductor photolithography, attosecond pulse gener-
ation, and advanced instrument applications [215-219]. For noncentrosymmetric crystals to be effi-
ciently used in deep-UV NLO applications, the following attributes are necessary: i) wide bandgap,
ii) large SHG response, iii) moderate birefringence, iv) high laser damage threshold, and v) large
single crystals [215]. Currently, many of the best performing UV NLO materials are borate crys-
tals [218]. However, the incorporation of boron-oxide anionic groups also has a tendency to induce
a redshift in the absorption edge, thus reducing the possibility for deep-UV applications [218].
Perhaps the most promising pure oxide borate was -BaB2O4 owing to a large birefringence of
0.1127 [220]. However, $-BaB2O,4 exhibits a highly anisotropic thermal expansion and is only
transparent down to 189 nm [215]. As a result 8-BaB2O4 cannot directly produce deep-UV coher-
ent light by second-harmonic generation [3].

The first suitable deep-UV birefringent crystal was the oxyfluoride KBesBO3F9 (KBBF) engi-
neered by Chen et al. [221]. Here, the addition of fluorine aids in shifting the band edge further into
the deep UV region (Figure 3.4b) [221]. KBBF has a relatively large SHG coefficient, moderate bire-
fringence, a bandgap of ~8.3eV, and exhibits phase matchability over a wide range of wavelengths.
In addition, KBBF has a high laser damage threshold and relatively high thermal conductivity [3].
The excellent NLO properties of KBBF stem from the 2D go[(Beo:g/[gurl/]F1/1/)2B03/[1/+2/]] layers,
which are composed of [BOs| and [BeOsF] units (Figure 3.4c) [219]. However, this layered mor-
phology leads to a major shortcoming of KBBF: difficulty in growing large single crystals [222,223].
Moreover, the high toxicity of beryllium oxide used during synthesis places limitations on the

practical use of KBBF in many technologies. These challenges have motivated the search for
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FIGURE 3.5: Heteroanionic oxyfluorides for lighting and energy applications: a) Excitation and
emission spectra of the solid-solution phosphor Srj g75Ceq.g25Al1—;SizO44,F1_, with various z
values indicated. The Sr1Xg and Sr2X;, polyhedra looking down the [100] direction show the
change in coordination environment (right inset). Light gray, black, orange, and green spheres
represent Srl, Sr2, O, and F atoms, respectively. Fluoride exchange leads to a decrease in peak
excitation/emission wavelength with increase in fluoride content (lower panel). b) Theoretical
capacities of Mn-redox based cathode materials with decreasing oxidation state. ¢) Voltage profiles
and capacity retention of LiaMny/3Nb;/302F when cycled from 1.5 to 4.6V at 20mA g7l a)
Adapted with permission [4]. Copyright 2011, Wiley. b,c) Adapted with permission [5] Copyright
2018, Springer Nature.

alternative oxyfluorides and other heteroanionic materials with improved properties for NLO appli-
cation [32,188,217-219,222]. This research has led to many new and interesting phases including
NasBag(B3Og)2F, which can be grown as large single crystals and exhibits large birefringence (An

= 0.0750-0.2554) from the IR (3.35 um) to the deep UV (175nm) range [224].
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3.5.3 Phosphors for Solid State Lighting

To design new heteroanionic phosphors for solid-state lighting, the methodology must be changed
slightly because the coordination environment around the activator ion, rather than the transi-
tion metal, is key in understanding the relevant properties in these materials. Typical activator
ions in phosphor materials are Ce?* or Eu?t, because the transition between 4f and 5d states is
largely responsible for the down conversion of light [34]. Additionally, activator ion-ligand poly-
hedral units are rarely octahedral, tetrahedral, or other standard polyhedra; they typically sit on
the A site owing to their large size. In typical phosphor materials, the principle governing the
shift of emission spectra is the centroid shift and crystal field splitting in the 5d states. The cen-
troid shift, or the change of the 5d levels because of a change in interelectron repulsion, generally
shifts downward (redshifting the emission spectra) with decreasing anion electronegativity; in other
words, (oxy)nitrides would emit the highest wavelength of light, oxides would be slightly lower, and
(oxy)fluorides would be the lowest. As discussed in § 3.2, the choice of ligand affects the crystal
field splitting between the highest and lowest d orbital. In phosphor materials, the distortion of the
coordination geometry about the activator ion may have a larger effect on the CFSE. Overall, an
oxyfluoride structure will likely blueshift the emission spectra, though it is dependent on the degree
of anisotropy of the activator ion coordination. Additional properties needed for efficient solid state
lighting, such as quantum efficiency (QE) and good thermal stability, are largely determined by
the structure of the host lattice.

To investigate the effects of fluoride substitution in a phosphor material, Seshadri et al. [4]
studied solid solutions of the anion-ordered oxyfluoride Sr3AlO4F and Sr3SiOs as hosts for Ce3*

activator ions. These materials are isostructural and charge balanced with fluoride substitution
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though a stoichiometric substitution of the B-site cation. The resulting phosphor materials,
Sra.975Ce0.025A11_2Si:044 . F1_» (SASF:Ce?t), emitted yellow-green light, had high quantum yield
values, and tunable excitation and emission wavelengths with fluorine content. '“F NMR confirmed
the fluorine sits in a single crystallographic site in all compositions and confirmed the oxyfluoride
end member has a fully ordered long-range structure. The excitation wavelengths range from 390 to
450 nm with increasing z (or decreasing F content, Figure 3.5a), which agrees well with excitation
sources in LED chips. The emission spectra in these materials were generally broad (comparable to
commercial materials) and the peaks ranged from 474 to 537 nm with increasing x. As expected,
a redshift in emission spectra occurs with a decrease in fluoride content. The crystal field splitting
also contributes to the increased redshift with decreased fluorine content. Somewhat surprisingly,
coordination about both Sr sites becomes increasingly anisotropic as the fluoride content decreases.
Room-temperature QE measurements of the oxyfluoride and oxide end-members shows that the
oxyfluoride has a higher QE (83% and 62%, respectively), though this only increases monotoni-
cally until z = 0.5, which has a maximum QE of 85%. Previous work on a related compound
has attributed this to the softer phonon modes associated with the fluorine atoms [225]. Thermal
quenching of QE is also generally diminished in compositions with more fluoride, for the same
reasons. Similar trends in fluoride content and excitation wavelength, emission wavelength, QE,

and thermal quenching have been obtained from other oxyfluoride solid solutions [182].

3.5.4 Battery Materials

The benefits of fluoride substitution in battery materials can be initially assessed with Vegard’s
law. Assuming oxyfluorides will lie somewhere between its oxide and fluoride end members, fluo-

ride battery cathode materials feature higher (theoretical) specific capacities and higher reduction
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potentials compared to oxides. However, they also suffer from worse electrode cycle life, lower
conductivities, and large hysteresis of lithiation/delithiation voltages, which makes them poor can-
didates for commercial applications [10,226]. The goal of oxyfluoride research in battery materials
has therefore been to maintain the higher capacities and potentials of fluorides while avoiding their
pitfalls. To generate novel oxyfluorides for battery materials, the transition metal cation must have
multiple attainable oxidation states to enable the necessary redox reactions. Here, the coordina-
tion of the polyhedra facilitates the anion order in the structure. For intercalation batteries, which
lithiate through insertion of Li into the crystal, the units are typically assembled into a layered
structure-type. Many oxyfluorides investigated as battery cathodes phase separate or decompose
as they are charge and discharged, indicating that the materials are likely lithiating the fluorine
through a conversion mechanism [181].

Silver vanadium oxyfluorides such as AgysV2OgFy (SVOF) have been proposed as cathode ma-
terials for implantable cardioverter defibrillator in primary batteries. To improve over the current
industry standard, AgaV4011 (SVO), new materials need higher volumetric capacities and greater
capacities over 3 V. Fluoride substitution is an ideal candidate for this application because it gener-
ally increases the cell potential. AgyV2OgF2 contains isolated chains of corner connected [VO4F3]
octahedra and [VOy] tetrahedra, with Ag ions between the chains forming a relatively open struc-
ture. Preliminary Li insertion electrochemical results as a primary cathode were promising; SVOF
exhibited a higher capacity above 3V and a higher silver reduction potential (48 mAhg~! and
300mV, respectively, higher than SVO) [227]. However, upon further investigation of SVOF as
a secondary battery cathode, it was found that nearly half of the capacity is irreversible on the
second charge, largely owing to the irreversible Ag reduction [31]. A combination of in situ XRD

and EPR revealed an Ag" /Lit displacement lithiation mechanism occurs from LigAgsV2OgF2 to
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Lig.0AgsVoOgF9 and appears to be nearly entirely irreversible. The reversible capacity arises from
a redox mechanism (V5T to V3*), but it is accompanied by an unfavorable decrease in the cathode
polarization.

Fluorine can also be used to stabilize low-valence transition metals for improved capacity in
Li-ion cathode materials. A new strategy for high capacity Mn-based Li-ion cathode materials
has been to stabilize the Mn?T state, such that a double oxidation reaction can be triggered and
achieve high theoretical capacities (Figure 3.5b) without O redox. Although O redox can improve
the capacity of the materials, it also causes O loss, which results in voltage and capacity fade.
Lowering the Mn valence can be achieved through incorporation of a high-valent cation and by
substitution of O?~ with F~. Recent experiments on LigMny/3Nby ;302F and LigMn, /5 Ti; 5O02F

L (Figure 3.5¢), respectively, with little O

show high reversible capacities of 238 and 259 mAh g~
redox [5]. Additionally, X-ray absorption spectroscopy measurements show that the electrochemical

process is reversible with Mn?* being fully recovered on discharge and minimal oxygen redox over

electrochemical cycling.
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Chapter 4: Predicting the Structure
Stability of Layered Heteroanionic
Materials Exhibiting Anion Order

Reprinted with permission from Ref. [228]. Copyright 2019 American Chemical Society.

4.1 Introduction

Heteroanionic materials, which are an emerging inorganic materials class, aim to deliver enhanced
material function though the incorporation of multiple anions of different size, charge, and elec-
tronegativity [26,229]. Anion engineering aims to combine the advantageous properties of each
anion species or create unexpected phenomena through the incorporation of multiple anions in
ordered arrangements [27]. This approach has been successful in generating new materials for wa-
ter splitting (such as TaON) [230], second-harmonic generation (BasB1;O9F) [188], and energy
storage (LizMny/3Nb;/302F) [5], among others technologies.

One major challenge that has hampered the exploration of this family of compounds is the in-
ability to accurately predict (the appearance or lack of ) anion ordering in heteroanionic compounds.
Anion order can be critical to the appearance of technologically relevant properties, particularly

those which require a noncentrosymmetric structure in order to appear, such as piezoelectricity,
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multiferroicity, and second-harmonic generation. Density functional theory based high-throughput
methods potentially offer a solution to this problem, as it can reliably and nearly autonomously
assess the relative stability of different anion orders and the thermodynamic stability (i.e. a large
negative formation energy or convex hull distance) of the lowest-energy polymorph. These tech-
niques have been successful in predicting novel oxide materials with desirable properties, such as
high-ZT materials for thermoelectric applications [231] and high quantum yield phosphor materials
for solid state white lighting [232]. However, enumeration of all possible anion orders, including
(quasi)random geometries, generates about on order of magnitude more structures [192,233] than a
conventional high-throughput structure search. Consequently, the computational cost is also at an
order of magnitude greater (or more), depending on the scaling of the anion order configurational
space. This motivates the search and evaluation of computationally cheaper methods for assessing
material stability. Established methods, such as Ewald sums [234] or bond valence based meth-
ods [235,236], may be effective screening approaches to reduce the number of advanced quantum
mechanical calculations required to predict the electronic, magnetic, and optical properties of novel
heteroanionic compounds.

Previous research in heteroanionic materials has shown that bond valence sums (BVS) and
Pauling’s second crystal rule (PSCR) can be used to a priori predict the distribution of anions in sys-
tems with anions of different charge [237]. For example, consider SroTaO3N (or 22Sra[TaOg /9 Og 1/ Ny o]
when written in the crystal coordination formulation) [106] which adopts the Ruddlesden-Popper
structure, defined by two-dimensional sheets of cis-[TaOg/9/09/1/ Ny o] octahedra. Experimentally,
it exhibits apical anion sites that are fully occupied by O (hence the terminal 1-coordination) and
equatorial anion sites with a statistical 50/50 O/N occupancy. PSCR predicts that the N anions in

SroTaO3N will prefer to occupy the equatorial sites; however, the rule cannot distinguish whether
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there will be complete anion order on those sites, because PSCR only accounts for the coordination
environments of each Wyckoff site (the apical and equatorial anion sites have different orbits, 4e
and 4c, respectively, with site symmetries 4mm and mmm). Because recent studies have shown
that BVS and DFT lattice energetics are correlated [238,239], it is likely that the crystal-chemistry
method is able to grossly discern bonding preferences by assessing how well local bond constraints
are satisfied, for example, through the so-called global-instability index (GII) [240,241]. These
facts together suggest that a posteriori BVS methods could be used to distinguish between anion
ordered structures, accelerating the search process and arriving at a set of low-energy structures
for further computational or experimental interrogation.

Here we show that global instability indices (GII), which rely on bond valence methods, can
quickly and reliably assess the structure stability of heteroanionic materials. We evaluate the
performance of GII using the the n = 1 Ruddlesden-Popper (RP) structure with composition
AsBX1,X25 as the model structure, because n = 1 oxyfluorides and oxynitrides show preferential
anion ordering. In addition, the two-dimensional perovskite layers (either 2, A[BX1, 120X 1911 X29 o]
or 2. A[BX1, /2:X21/]) provide more degrees of freedom for lifting inversion symmetry [242]. We first
present a group theoretical analysis of this structure type, highlighting irreducible representations
(irreps) that have displacive and anion ordering character. A subset of the distorted structures
obtained from this analysis are then used to assess the ability of the global instability index to
discriminate stable and unstable structures. To that end, we describe a computational filtering
process, which utilizes both GIIs and DFT calculations to assess the thermodynamic stability of
a n = 1 Ruddlesden-Popper heteroanionic material. We show that the inclusion of an additional
screening step based on BVS and GII reduces the computational cost of heteroanionic composition

screening by 50% and predicts new stable oxyfluorides for synthesis.
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4.2 Methods

4.2.1 Group Theoretical Methods

We use representation theory to investigate hypothetical symmetry-lifting transitions from the
aristotype homoanionic n = 1 (high symmetry) structure (Table 4.1) to an anion ordered structure.
The translation of 3 [BXg /2/] perovskite layers perpendicular to their stacking direction naturally
stratifies the anion Wyckoff sites into those located on the equatorial 4¢ and apical 4e positions
in the B-centered octahedra. We then construct hettotype (low-symmetry) structures from the
I4/mmm aristotype that would further split the 4c and 4e; here, we assume there exists a group-
subgroup relationship, characterized by an irreducible representations (irreps) and a corresponding
order parameter direction (OPD).

There are two methods to identify all irreps and OPDs that alter the X1 and X2 site symme-
try such that the four equivalent anions on each site are no longer required by symmetry to be
identical. This site splitting then permits the occupancy of the new Wyckoff positions by chem-
ically distinct species, which we denote by a prime, e.g., X1’ or X2'. The first method utilizes
a derivative-structure algorithm, such as enumlib [189-191] or SOCCR [192], which generates all
possible hettotypes compatible within a supercell given as a multiple of the I4/mmm cell and then
removes all symmetric duplicates. This process generates all structures suitable for the subsequent
stability analysis, but in order to identify the irreps, OPDs, and mode representations between
the aristotype and derivative structures, the user must run a separate mode analysis on the struc-
tures. The second method is to enumerate all combinations of irreps and OPD and then identify

those which independently or together reduce the symmetry of the anion sites. This approach can
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TABLE 4.1: Structural information of the prototypical n=1 Ruddlesden Popper structure with
space group I4/mmm. Positions are given in fractional units; u, v are free parameters.

atom Wyckoff site site symmetry z y =z
A de 4dmm 0 0 w
B 2a 4/mmm 0 0 O
X1 (equatorial) 4c mmm 0 3 0
X2 (apical) de dmm 0 0 v

be more cumbersome but has been successfully applied to classify anion order in perovskite com-
pounds [233]. We select the latter method for the present study and utilize the group theoretical
packages ISOTROPY [243] and ISODISTORT [244] to facilitate the analysis. Throughout, we use

the Miller and Love convention [245] for irrep labeling.

4.2.2 GII Optimizations

To reduce computational cost, we have created a GII minimizer which relaxes the lattice parameters
of a given structure to minimize the GII value while keeping the ionic positions fixed. This ensures a
moderately accurate GII value while screening the chemical composition space on identical starting
structures. The GII minimizer is based on bond valence sums, which are a quantitative measure
of ideal bonding in inorganic solids [240]. Each cation-anion pair has a unique set of empirically
determined bond valance parameters, B and Ry, from which the bond valence of a unique pair, s;;,

can be determined form their experimental bond lengths, R;;:

sij = e(Rij—Ro)/B (4.1)

In our implementation, we use a slightly modified version of the bond valence parameter (BVP)
dataset from the International Union of Crystallography [246], which is a collection bond valence

parameters from the literature. The dataset contains many bond valence parameters from Ref. 247,
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which states that the bond valence parameters for cations paired with anions less electronegative
than oxygen (e.g. N, Br, S, etc.) will in general not vary between different cation oxidations states
(i.e. the bond valence parameters for Tat?-N—3, should be the same as Tat® N~3). Therefore, we
have modified the dataset to include multiple cation oxidation states when paired with nitrogen.
This modified data set is available in Appendix A. For example, the database only lists BVP
for Tat?-N—3 despite the source of these parameters stating that it should be used for multiple
oxidation states. In these cases, we create a new bond-valence pair with the same anion but now
with a cation of a lower oxidation state (e.g., Tat5~N—3) and the same BVP value. When multiple
BVPs are available for the same cation-anion pair, our code attempts to pick the parameters in
which B=0.37, which is considered a universal value [248]. If it is unable to do so, then GII
implementation selects the first parameter that appears in the database.

Once the BVPs are chosen, the bond valence sum of an ion, Vj(cq), is computed by summing
over all the individual bond valences about each ion as Vj(cae) = > ; sij- The bond valence sums
approximate the valence of an ion, 7. In our bond valence sum implementation, we sum over all
atomic pairs whose bond lengths are less than 6 A, which at least captures the first and second
nearest neighbors in the n=1 RP structures. After the bond valence sums of all ions in the structure
are evaluated, the global instability index (GII) is calculated as the root-mean-square error of the

bond valence sum from the nominal valence, Vi), over all ions in the structure:

N 2 1/2
i— V;om _‘/icac
GII:{Z’—I( ( ])V (eate) } (4.2)

The GII value then represents the extent from which the structure presents deviations from ideal

bonding between all cation-anion pairs. This value can be also interpreted as a measure of the
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amount of internal strain in the system [240]. Typically, unstrained stable structures exhibit GII
values less than 0.1 v.u. (valence units), but strain stabilized structures can have GII values ranging
up to 0.2 v.u. [240].

Given these thresholds for experimentally observed compounds, researchers have attempted
to use GII as a pseudo-energy upon which to predict new phases [249, 250] or for structure op-
timization [238]. These have largely focused on using GII and BVS to determine ideal atomic
positions and evaluate the stability of compounds. Although our GII minimizer attempts to min-
imize lattice stresses by changing the lattice parameter, it could be adapted to optimize both the
lattice and atomic degrees of freedom simultaneously. Thus, the general functional form of GII is
GII(a, b, c, o, 3,7,{ri}), such that it is dependent on the lengths of the cell edges (a, b, ¢), the inter-
axial angles (o, 8,7), and the fractional coordinates of the ions ({r;}). Because we fix the interaxial
angles and fractional coordinates of our structures and relax only the axial lengths, the GII is a
function of three cell parameters: GII(a,b,c). (Note that the interaxial angles are all fixed to 90
because all the structures we consider are either tetragonal or orthorhombic). In the analysis that
follows, we account for atomic relaxations using a first-principles energy method, because the GII
minimization of the atomic positions requires semi-empirical constraints to ensure the optimization
is convex [251].

Our GII minimizer uses the sequential least squares programming (SLSQP) minimization
scheme, as implemented by SciPy [252], to optimize the lattice parameters and minimize the
GII. At its core, this method approximates the first derivative (Jacobian) and second derivative
(Hessian) to find the direction and size of the next minimization step. If we consider the GII as

a pseudo-energy, the internal energy of the system can be expanded as a Taylor series about our
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vector x = (a, b, ¢):

OGII.  9°GII,_ .,
GII(x + dx) = GII(x) + 87)(8)( + W(@X) , (4.3)

where the first derivative is the force and the second derivative is the Hessian matrix. Here, the
force F' between ions ¢ and j can be approximated by F' = Vj,) — ¥s;j, such that if F' < 0, then
the bond is too short and if F' > 0, then the bond is too long. To prevent the lattice from diverging
and becoming unphysical, we set bounds on the lattice parameter relaxation such that the short
axes must be between 3 and 6 A (or 4 and 7 A for cells that were v/2 x v/2 x 1) and the long axis
between 11.5 and 14.5 A. We also note that we included a penalty in the GII minimization process,
which increases as the a/b ratio (or the ratio of the short-axes) deviates from 1. Our rationale
for this penalty is that all synthesized compounds are tetragonal and if unpenalized, the GII
relaxed structures have unphysical elongations of the long axis and a/b ratios as large as 0.7. Our
GII minimization code is available at https://github.com/MTID-group/GII_Minimizer-relax_

lattice.

4.2.3 Density Functional Theory Calculations

Density functional theory (DFT) calculations are used to validate the results of the GII opti-
mizer and further identify candidate materials for synthesis. DFT calculations are preformed
using the projector-augmented wave (PAW) formalism [87,91] as implemented in the Vienna Ab
indtio Simulation Package (VASP) [43,44] within the generalized gradient approximation (GGA)
of Perdew-Burke-Ernzerhof (PBE) for densely packed solids (PBEsol) [62], as recommended for
oxyfluorides. [253]. A 600eV plane-wave cutoff was used, and k-space integrations were perfomed
on a 6x6x3 Monkhorst-Pack mesh [79] with Gaussian smearing (10 meV width) for Brillouin

zone integrations. For all calculations, total energies were converged to 1078 eV. In all structural
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relaxations, forces on the ions were converged to within 1 meV A~! and lattice stresses to below
0.1kbar. For systems with open d shells, we impose a collinear antiferromagnetic (AFM) ordering
within a v/2 x v/2 x 1 supercell for the oxyfluorides and collinear ferromagnetic (FM) ordering for
the oxynitrides. Convex hulls and phase diagrams were created using Pymatgen [254]. All crystal

structure information is available in the Appendix A.

4.3 Results and Discussion

4.3.1 Group Theoretical Analysis

Previous work suggests that displacive distortions may be a practical method to control anion
ordering in heteroanionic materials [192,233]. Commonly, researchers have held that short-range
interactions, such as second-order Jahn-Teller distortions, drive ordering in local polyhedral units
[102,107], with long range anion order largely being determined by secondary cations [151,255].
However, recent studies on anion order in compounds with octahedral rotations have suggested
that these cooperative distortions may also promote or suppress anion ordering in heteroanionic
perovskites and Ruddlesden-Popper materials [25,118]. We therefore choose to enumerate and
categorize those irreps which represent cooperative displacements of anions or cations that alter
the site symmetry of one or both Wyckoff sites, X1 — X1’ and X2 — X2/, of the ideal I4/mmm
aristotype.

There are a total of 111 unique combinations of irreps and OPDs which split one or both of the
anion sites. The number of unique OPDs and irreps which split the apical anion site is 85 whereas
95 alter the equatorial anion site. (Many of the irreps lower the symmetry of both sites.) Of the

possible irreps considered, only 17 lead to noncentrosymmetric hettotypes.
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TABLE 4.2: Polar and antipolar irreps that alter the site-symmetry of the anions. Irrep lables
correspond to the following wavevectors (primitive basis): T' = (0,0,0), M = (1/2,1/2,—1/2),
and X = (0,0,1/2). Lattice vectors are given relative to the primitive cell of the aristotype n=1
Ruddlesden-Popper structure.

irreps  OPD lattice vectors  space group B-site symmetry reduction
Iy (m) V2a x V2bx ¢ T4mm 4mm

I, (m,0) V2b x ¢ xV2a Imm?2 mm2

I, (1, 12)  2bx cxV2a Cm m

My (m) V2a x \/2b x ¢ P4/nmm dmm

M: (n, m) ¢x+v2ax+2b Pmmn mm2

Mg (n, m2) V2bxexv2a P2i/m m

X5 (0, m) 2bxecx2a Cmem m2m

X5 (m,m) 2ax2bxc P4/nmm 4m2, 4mm
X5 (m, m2) 2ax2bxc Pmmn mm2, mma2
X5 (0,n ) ¢ X 2a x 2b Cmem m2m

X3 (171 1) 2ax2bxc P4y/mnm  m.2m

X5 (12, 771) 2a X 2b x ¢ Pnnm .m

X, (0, m) ¢x2ax2b Cmma mm?2

Below we discuss the mode representations (i.e., polar and antipolar distortions, octahedral
tilts, etc.) in more detail; however, we first make a few caveats: (1) We exclude structures whose B-
site have a site symmetry of 1. (2) We constrain our analysis to displacive modes that uniformly alter
the symmetry of all octahedra; distortions that break the equivalence between perovskite layers,
allowing the structure to have inequivalent heteroleptic trans-[BX14X23] and trans-[BX14X2)]
octahedra, are not included. (3) The splitting and occupancy is based on a symmetry argument
and in the ensuing analysis we make no immediate claim on stability, which requires a proper
treatment of the chemistry of the cations, anions, and the occupied sites as we show later. (4)
When possible, we also list the experimentally known compounds that adopt symmetries induced

by these representations. All known heteroanionic n=1 RP compounds are also listed in Appendix A
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M3 (11) , ,
P4/nmm Cmcm Cmcm Cmma ©® X1'orXx2

FIGURE 4.1: Polar and antipolar structures which have distortions commensurate with the site
symmetry breaking of the a, X2 and A sites, which have the same Wyckoff site, and b, the X1
anion site. The structures show the off-centering of the B-site. Below each structure is the irrep,
OPD, and space group.

4.3.1.1 Polar and Antipolar Distortions

Many ordered heteroanionic materials (not just the RPs) show polar and antipolar distortions
accompanied by anion order and so we focus on these first (Table 4.2). The ordering occurs
because the displacive metal off-centering found in noncentrosymmetric heteroleptic polyhedra [102]
favors cation displacements towards the less electronegative anion to facilitate orbital hybridization.
Table 4.2 shows that multidimensional irreps can lift the anion site symmetry in different ways, e.g.,
Mg (m,m) # Mg (n1,72). Experimentally at a fixed temperature, however, we would expect only
one OPD of such an irrep to be present,! because the direction of the cation off-centering must be
commensurate with the anion order. For example, in the structure with Imm2 symmetry induced
by I's’, the B-site would off center in a polar manner such that it moves towards one equatorial
anion. The anion order supported by this distortion, however, causes the equatorial anions sites to

form a trans configuration, which is inconsistent with this symmetry of the B-site displacement.

!We note, however, that the OPD of a multidemsional irrep can change with external influence (temperature,
pressure, etc.)
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Figure 4.1 depicts only those structures within this reduced irrep space where the displace-
ments are compatible with the anion ordering. We do not show structures in which the displace-
ments are incompatible with the anion ordering, because they are unlikely to exist within the
heteroanionic materials family. Figure 4.1a depicts the n = 1 structures exhibiting a reduced
site-symmetry on the X2 apical anion. The only polar structure with broken symmetry exhibits
the I4mm space group, such that the X2’ anion is positioned below the equatorial anion plane
of all octahedra, making the c-axis the polar axis. The resulting crystal coordination formula is
BAAN[BX1y/9 X2 1/ X2] /1,]:AA’ BX1,X2X2" Although typically oxyfluorides break the site sym-
metry of the apical anion sites [237], only the oxynitride, Nd2AlO3N (X1=X2=0 and X2’ =N)
adopts this polar structure [256,257].

The apical anion site symmetry can also be reduced such that there is an antipolar arrangement
of the X2’ anions as for the P4/nmm and Cmcem structures (Figure 4.1a). The P4/nmm structure
exhibits an interlayer antipolar anion ordering, where within each perovskite layer, the X2’ anion
is located on the top or bottom apical positions (relative to the equatorial anions in that layer),
but in the next adjacent layer, X2’ occupies the alternative apical position. There are a number of
anion ordered heteroanionic materials which adopt this structure: SroFeO3F [147], SroFeO3Cl [258],
SroMnO3Cl [259], SraCoO3Cl [143], SraNiO3Cl [145], BagInOsF [260], BagInO3Cl, and BagInO3Br
[261]. In all cases, X1=X2=0 and X2'=F, Cl, or Br, the compound has symmetry P4/nmm,
and the B-site cations exhibit off-centering towards the less electronegative anion. The Cmcm
structure exhibits an intralayer antipolar anion ordering, where X2’ occupies both the top and
bottom apical positions within each perovskite layer. The alignment of X2’ in adjacent perovskite
layers is out-of-phase owing to the C-face centering operation and hence there are more formula

units in the conventional cell. There are no known synthesized heteroanionic materials that adopt



88

this symmetry.

Among the distortions that break the site symmetry of the equatorial anion, we find none of
them have commensurate displacements and anion orderings to permit a polar axis. Figure 4.1b
shows the only compatible antipolar and centrosymmetric structures. Unlike the structures ob-
tained from splitting of the apical site symmetry, these variants can exhibit equatorial sites with
either a cis or trans configuration of X1 and X1’ anions: the X1’ anions are either adjacent to or
across from one another, respectively. Both Cmem and Cmma structures exhibit cis arrangement
of the X1’ anions. Although both structures possess intralayer antipolar ordering, they exhibit dif-
ferent anion ordering owing to the combination of the C-face centering and glide operations. The
X1’ anions alternate in layers along the c-axis in the Cmem structure forming a zig-zag network,
whereas the anions spans columns (stripes) in the Cmma structure. There are no know ordered
oxynitrides which adopt either of the structures, which we explain as follows: The connectivity of
the equatorial anions requires each anion is linked to two B-site cations; however, splitting this
anion site requires the distribution of two anions among the four sites, which only leaves a cis and
trans configuration. In either case, we are only able to obtain two structures which differ in the
stacking of their perovskite layers, which itself does not affect the local coordination polyhedra of
the A-site. The result is that the lattice energies for these two geometries should be very similar.

In contrast to this scenario, site splitting of the apical anions enables different polar or antipolar
anion ordering within the perovskite layer. If the stacking of the polar perovskite layers changes
(i.e., polar versus interlayer antipolar structures), then the coordination polyhedra of the A-site
is significantly different between the structures; in this situation, the lattice energies should be
markedly different. We confirm this hypothesis in a more quantitative manner below. However,

there are a number of known disordered oxynitrides which can be viewed as adopting an average of
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TABLE 4.3: Rigid rotations and tilts of the anions also reduce the site symmetry of the anions.
Lattice vectors are relative to the primitive cell of the prototypical n = 1 RP Ruddlesden-Popper

structure.
irreps  OPD lattice vectors SG modified Glazer tilt B-site symmetry reductions
X5 (m, m) 2ax2bxc P4y /nem a=b%0° /6%a~ 0 .2/m
X5 (n1, m2) 2ax2bXc Pcen a"b=®/b=a"c" 1
X (m,m) 2ax2bxc P4y /nnm  a=b°0° /6%a~ 0 .2/m
X/ (m, m2) 2ax2bxc Pnnn a~b=c/b=a"c® 1

the Cmem and C'mma structures. Although these structures are refined to I4/mmm symmetry,
meaning they may not on average exhibit off-centering of the B cation, the O/N occupancy on
the equatorial anion sites is 50/50 and the octahedra generally present a cis- [BX12/2/X1’2/2/X21/1/]

heteroleptic unit (Appendix A).

4.3.1.2 Rotations and Tilts

Rotation and tilts of the B-centered polyhedra in n = 1 RP materials can produce unique symmetry
effects not found in perovskites [262,263]. Here we show that these displacive modes coexist
with anion ordering in n=1 RPs, which is not possible in either perovskites or double perovskites
[192,233]. Table 4.3 lists the rotations that alter the site symmetry of the equatorial anions and
Figure 4.2 depicts the octahedral rotation patterns and anion ordering of the resulting structures.
In all cases, the equatorial anion sites are broken in a trans manner, such that the equatorial
anions form trans-[BX12X1%] square planes. The equatorial anions in the parent phase have a site
symmetry of mmm. Rotations about an in-plane axis break the two mirror planes parallel to the
axis of rotation and exposes the intrinsic 2/m site symmetry along the perpendicular direction,
making the new site symmetry of the equatorial sites 2/m...

In the structures representing the X3~ and X, with order parameter (n1,71) (right panels of

Figure 4.2), we can consider the two perovskite layers separately to describe the rotations using
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L’[“‘)]X;’r (M1,11)

Pccn

XI (M1.11) XI (n1,12)
PA,/nnm Pnnn

FI1GURE 4.2: Octahedral rotation patterns of structures with rotational distortions that break the
symmetry of the anion sites. A-site cations are omitted and the polyhedra are opaque for clarity.
Arrows indicate tilting of the octahedra with the lines and dotted lines representing tilts of the
opposite sense.

conventional Glazer notation [114]. Both have a~b°b° rotations, however there is a 90rotation
about the c-axis between the two layers. We can therefore represent the tilts in the structure using
a modified Glazer notation, where a slash separates the adjacent perovskite layers, conventional
Glazer notation persists within each perovskite layer (i.e., the first, second, and third indices repre-
sent the rotations about the a,b, and ¢ axes, respectively) and the magnitudes of the rotations are
coherently maintained, then we can nearly fully represent the rotation patterns in RP structures.
In the case of X:I,F and X I with order parameter (71,71), these structures would be represented

by a=b°° /6%~ b0 using this modified Glazer notation, where a~ switching between the first and
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second position between layers indicates that the rotation axis changes between layers, but the
magnitude of the rotation remains the same. The rotation patterns of the remaining irreps and
OPDs, X5 (n1,m) and X, (n1,m), is a=b7b°/b~a~b°, where there are two rotation axes within
each perovskite layers, which are exchanged in adjacent layers. The differing magnitudes of the two
in-plane rotation axes also explains why the symmetry of the equatorial anions is broken; if the
magnitude of these rotations are the same, as in Xgr (0,71), then the symmetry of the equatorial
sites remains unbroken.

The only subtlety in this notation is that it does not capture the difference between the sense
of the rotations in adjacent layers. The X; and X distortions differ in the sense of the rotation
between adjacent layers. This difference is clearly discerned in the structures on the right of
Figure 4.2, X3 (n1,m1) and X, (n1,m). The tilt patterns of the top and bottom perovskite layers
of X3+ and XI are the same, whereas the sense of the rotation of the center layer is opposite.

We are unaware of any heteroanionic materials that adopt the aforementioned structures.
Derivative structures with trans anion ordering in the equatorial anion plane are generally un-
favorable because having anions with similar Pearson hardness [95] next to each other maximizes
the 7 hybridization in the B-X bonds. For this reason, the large majority of oxyfluorides and
oxynitrides exhibit cis or fac heteroleptic units [93,94], although recent studies have shown that
strain can induce trans anion ordering [166, 264]. Aschauer and coworkers have predicted the
ground state of the anion disordered and ordered variants of SroTaO3N to have these rotations and
trans-[TaO4Ng| octahedra, which agrees with the structures presented here [265]. Time-of-flight
neutron diffraction experiments at 291 K on this compound suggest that it adopts the prototypical
RP structure without rotations and with 50/50 O/N occupancy on the equatorial anion sites [180].

Given that DFT calculations suggest a different ground state, low temperature measurements may
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a reveal a phase transition to a structure with rotations, but we unaware of any experimental

reports in the literature.

4.3.2 Stability Assessment with GII

We now evaluate the performance of the GII as a predictor of heteroanionic material stability.
First, we generate all charge balanced compositions with the chemical formula AsBO3X, where
X=N, F from a list of candidate A and B chemistries. To simplify our analysis, we restrict our
structure search to anion-ordered geometries with polar and antipolar distortions (see Figure 4.1),
because these anion-ordered variants (or a disordered average of them) are the most commonly
observed hettotypes among n=1 RP heteroanionic materials. For the oxyfluorides, we restrict our
search to structures that alter the symmetry of the X2 site such that the fluoride ion occupies
an apical site. In particular, we chose the the following structures with space groups (irreps and
OPD in parenthesis) from Table 4.2: I4mm (I'; (n1)) with a polar distortion along the c-axis
and polar anion order, P4/nmm (Mjs (m)) with an interlayer antipolar distortion along the c-
axis, and Cmem (X5 (0,m1)) with an intralayer antipolar distortion along the c-axis. For the
oxynitrides, we chose structures that alter the symmetry of the X1 site such that the nitride anions
occupy equatorial sites. From Table 4.2 these hettotypes correspond to: Cmem (X5 (0,m1)) with
an intralayer antipolar distortion in the a or b-axis and Cmma (X, (0,m71)) with an intralayer
antipolar distortion in the a or b-axis.

Next we use the charge balanced oxynitride or oxyfluoride chemistries and generate initial
compounds from a pre-distorted trial structure. These trial structures contain an appropriate
metal off-centering by the cation occupying the B site (i.e., the B cation is distorted towards the

less electronegative anion). The displacements lengths are based on DFT relaxed structures of
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F1cURE 4.3: GII values for A;BO3F oxyfluoride structures obtained from the volumetric GII
minimization. The GII of a distinct chemistry in the heat map is located at the intersection of a
particular A- (column) and B-site (row) cation. Darker colors indicate a smaller GII value and a
more stable structure. Structures with GII values greater than 0.6 v.u. are not shown and entries in
the heat maps outlined with red indicate that the corresponding compound has been synthesized
and is anion disordered with space group I4/mmm. Heat maps with only one structure outlined
in red, such as SroFeO3F, are anion ordered with the indicated space group.

varying chemistries, so the displacements of the B-sites may differ depending on the structure and
anion ordering. The oxyfluoride structures with symmetry I4mm have a B-site displacement of
0.0180 fractional units or 0.226 A in the base structure, P4/nmm has a B-site displacement of
0.0238 fractional units (0.300A), and C'mem has a B-site displacement of 0.0168 fractional units
(0.212 A). Both oxynitride structures have a B-site displacement of 0.0257 fractional units (0.324 A)
in the base structure. To account for the different cation and anion sizes, we utilize our in-house
lattice relaxation algorithm based on the minimization of GII given by Equation 4.2 to determine
optimal cell volumes for a given anion arrangement.

We set a cutoff of GII=0.6v.u. to filter our candidate structures to a set of more probable

geometries. This cutoff value is larger than that typically accepted for stable, solid state inorganic
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FIGURE 4.4: GII values for A;BO3N oxynitrides with Cmma symmetry obtained from the vol-
umetric GII minimization. The GII of a distinct chemistry in the heat map is located at the
intersection of a particular A- (column) and B-site (row) cation. Darker colors indicate a smaller
GII value and a more stable structure. Structures with GII values greater than 0.6 v.u. are not
shown and entries in the heat maps outlined with red indicate that the corresponding compound
has been synthesized and is anion disordered and the average structure has symmetry I4/mmm,
except Nda AlIOsN which has space group I4mm.

compounds [240] (0.2v.u.), which we justify being necessary to account for the inherent error in
the ionic positions of the trial structures.

Using this screening method, we reduce the 54 (86) candidate oxyfluoride (oxynitride) com-
positions to 39 (38). The oxyfluoride and oxynitride results obtained with this GII-relaxation are
shown in Figure 4.3 and Figure 4.4, respectively. With a cutoff of 0.6 v.u., the algorithm success-
fully captures all known synthesized oxynitrides and oxyfluorides with the n = 1 RP stoichiometry.
Interestingly, the oxyfluoride results do not show significant variation among the anion ordered
variants, which suggests that we cannot use the GII to discriminate and predict the most stable
anion ordering for a fixed chemistry. In fact, the results of the algorithm for SroFeO3F show that
the structure with the lowest GII is the intralayer antipolar anion ordering, when the experimental

structure has interlayer antipolar anion ordering. This discrepancy is likely because of the limited
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bond lengths that are accessible to the GII minimizer because only the lattice parameters are re-
laxed. Ideally, the length of the Fe-F bond would prefer to be much longer relative to the Fe-O,
which would cause significant strain with intralayer antipolar anion order, but that strain would
be reduced in the interlayer antipolar anion order. This is verified after relaxing the atomic coor-
dinates and lattice parameters with DFT, which shows that interlayer antipolar anion ordering is
the most stable configuration and has the smallest GII of the anion ordered structures.

Although there are two unique oxynitrides structures, their GII values are generally within
0.01 v.u. of each other, because the coordination about each cation is the same. As we show below,
the energetics of the fully relaxed structures obtained at the DFT level do vary slightly (typically
by 1-15meV per formula unit), but under the fixed atomic positions used in this screening step,
the GII always yield the same values and the DFT energies only vary by 1-4meV per formula
unit. Therefore, we only present the results of one structure (C'mem) in Figure 4.4. As with the
oxyfluorides, a GII cutoff of 0.6 v.u. captures all the known synthesized oxynitrides with this chem-
ical formula. However, the results of both the oxyfluoride and oxynitride GII minimizations show
synthesized compounds with relatively high GII values. For example, the GII of the synthesized
oxyfluoride SraScO3F, [146] when averaged over the I4mm, P4/nmm, and Cmcm anion ordered
structures after the GII minimization procedure, is 0.45 v.u. To compare to the experimental struc-
ture, which is anion disordered, we ordered the anions of the experimental structure into the three
variants used in Figure 4.3 and calculated their GII with no change to the lattice parameters or
ion positions. Averaging the GII of these three anion ordered variants, the GII of the experimental
structure is effectively 0.29 v.u. with little variation between the anion orders (less than 0.01 v.u.).
Given the remarkable similarity in some of the lattice parameters of the experimental and GII

minimized structures (short-axes vary by less than 0.07 A or about 2% and long-axes vary by less
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FIGURE 4.5: Correlation between the GII and total energies of the d° oxyfluorides before (circles)
and after (squares) DFT relaxation with P4/nmm symmetry. The movement of the GIT minimized
structure relative to the DFT relaxed structure is indicated by arrows of the same color. The energy
of the structures is given relative to the DFT relaxed value of SroScOgF. The horizontal line at
0.3 v.u. indicates our proposed GII cutoff value for synthesizable heteroanionic materials.

than 0.765 A or about 6%) and minor variation in GII between anion orderings, the reduction in the
GII may be largely attributed to the atomic displacements and motivates an additional relaxation

of the internal atomic degrees-of-freedom.

4.3.3 DFT Assessment of GII Performance

Next, we re-optimize the trial structures by minimizing the total energy subjected to variable
volume and atomic positions at the DFT level. We initialize our DFT calculations with the GII
minimized structures from the previous section. We first relax the oxyfluoride compositions with
d® B-site cations. Figure 4.5 shows both the correlation and the trajectory from the GII minimized
structures to the DFT relaxed structures. We only show the results of the P4/nmm structure
in Figure 4.5, as the energy difference between the anion ordered structures is typically less than
100 meV per formula unit and the difference in GII is less than 0.03 v.u. The DFT relaxed structures

are always lower in energy than the GII minimized structures (square symbols are to the left of the
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circles), as expected. The GII also typically decreases after the DFT relaxation (downward arrow),
except in the case of SroAlO3F which shows that the GII increases by about 0.1 v.u.

The increase in the GII of SroAlO3F is not due to a specific displacement that occurs in this
material; rather, it appears to originate in how well the B-site BVS matches the nominal oxidation
state. In most of these compounds, the B-site cation is extremely overbonded in the starting
structure and because the minimization procedure does not allow for atomic displacements, it
remains so until the DFT relaxation. The DFT relaxation procedure typically results in a large
change in the BVS of the B-site cation toward its ideal oxidation state, which decreases the GII
along with additional large displacements of the A cation that can increase or decrease the GII. In
the specific case of SroAlO3F, the BVS of Al before the DFT relaxation is already quite close to
its nominal oxidation state, which means that other changes in the structure, such as a short bond
distance between the equatorial O and Sr ions (leading to an overbonded Sr), dominate the GII
and cause it to increase.

Next, if we use the GII values from the DFT structural relaxations as the reference values, we
find that the root-mean-square error of the GII minimizer in the oxyfluoride compounds is very
large, around 0.5 v.u., which justifies the high GII cutoff in the step prior to the DFT relaxation.
Interestingly, the compounds that have been synthesized all lie below 0.3 v.u. after the DFT relax-
ation (horizontal broken line in Figure 4.5). Of the compounds which have GII values less than
0.3 after DFT relaxations, only NasNbO3F, CasAlOsF, SroAlOsF, and Bas AlOsF have not been
synthesized, which makes them compelling targets for materials synthesis. We assess the thermo-
dynamic stability of some of these compounds in the next section and attempt to synthesize those
with negative formation energies.

We repeat this DFT relaxation procedure for oxyfluoride compounds with a d™ B-site cation.
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FIGURE 4.6: Correlation between the GII and total energies of the d™ oxyfluorides before (circles)
and after (squares) the DFT relaxation in the P4/nmm symmetry. The movement of the GII
minimized structure relative to the DFT relaxed structure is indicated by arrows of the same color.
The energy of the structures is relative to the DFT relaxed value of SroFeO3sF. The horizontal line
at 0.3 v.u. indicates our proposed GII cutoff value for synthesizable heteroanionic materials.

We anticipate most of these compounds to be antiferromagnets based on the known oxyfluorides
in this family [143, 144, 258], so we require this magnetic order to ensure a correct qualitative
description of the spin polarized relaxations. Figure 4.6 shows the resulting GII and relative
energetics of the spin polarized DFT structure relaxation. The energy is reduced in all cases and
there is a mix of the GII increasing and decreasing after the DFT relaxation. The increase in the
GII values occurs for similar reasons as the increase in the GII of SroAlO3F; the BVS B-site cation
is already close to its nominal oxidation state allowing other overbonded ions (typically one of the
A-site cations or the equatorial O) to dominate the GII.
The only known synthesized d" oxyfluorides are SroMnOsF, SroFeO3sF, SroCoOsF, and SraNiOsF,

and all except the Ni compound lie below the 0.3 v.u. cutoff. There may be a few reasons for the high

GII, the most likely justification being that these compounds, with the exception of SroFeOsF, are
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metastable compounds, because they were synthesized at high pressure and temperatures (6 GPa
and > 1500°C for the Co and Ni variants). As with other metastable compounds, we should ex-
pect slightly higher GII values [249,266]. Additionally, we find that GII=0.261 v.u. for the ordered
experimental structure of the Ni compound. This may be because the magnetic and/or electronic
structure is not being reproduced accurately. A spin glass transition is observed at low temperatures
in the Ni compound, meaning that the ground state has both FM and AFM character, perhaps
originating from the disordered O and F anions [145]. Accurately representing the magnetism in
the structure may improve the GII. Finally, although the Ni compound may be metallic (as the
powder samples are black [145]), adding correlation to the calculation through the inclusion of a
Hubbard U or the use of a meta-GGA functional such as SCAN may improve the calculations
such that they are closer to their ordered experimental structures. Relaxations with the SCAN
functional produce a lower GII of 0.305 v.u.

The results of the oxynitride DFT relaxations are shown in Figure 4.7 for both compounds
with d and d" B-site cations. There are no known magnetic oxynitrides of this structure type,
so we constrained the magnetic order to be ferromagnetic for simplicity. Like in the oxyfluorides,
we find that the GII values of the d° compounds generally decrease and the GII values of the d”
compounds either increase or decrease after the DFT relaxation. Of the compounds presented
here, only SroTaO3N, BasTaO3N, and Las AlO3N have been synthesized and all have GIIs less than
0.3 v.u. after DFT structural relaxations.

The increase in the GII cutoff to 0.3 v.u. from the typically accepted value of 0.2 v.u. may be
due to an inherent error in the parameterization of bond valence. If the bond-valence parameters
are fit to homoanionic compounds or simply to compounds with homoleptic polyhedra, it may not

accurately model the bond lengths of heteroanionic materials owing to the inductive effect [122], or
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FIGURE 4.7: Correlation between the GII and total energies of the oxynitrides before (circles) and
after (squares) DFT relaxations in the Cmem symmetry. The movement of the GII minimized
structures relative to the DFT relaxed structures is indicated by arrows of the same color. The
energy of the structures is relative to the DFT relaxed value of SroTaO3N. The horizontal line at
0.3 v.u. indicates our proposed GII cutoff value for synthesizable heteroanionic materials.

a redistribution of charge from the inherent differences in the electronegativity of the ions. Indeed,
the influence of additional counter cations beyond the first nearest neighbors has been shown to
significantly affect the empirical bond-valence parameters [267,268].

To test this hypothesis, we re-calculated the GII values of the GII minimized and DFT relaxed
structures using slightly smaller and larger BV parameters. We varied both the Ry and B bond
valence parameters of all cation and anion pairs by +0.05 A and enumerated all possible combina-
tions of bond valence parameters to ascertain what an ‘error bar’ for the BV parameterization may
look like (results are in Appendix A). We chose SraScOsF, SraAlOsF, BagScO3F, SroIlnO3F as our
test cases because they all lie below our cutoff GII value and most of them have been synthesized.
In all cases, the average GlIs are slightly higher than the actual value, which is consistent with the

exponential nature of bond valence sums. The standard deviation of the values, which we interpret
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as the error in the GII value owing to an incorrect bond valence parameterization, is about 0.1 v.u.
which may explain why the 0.3 v.u. cutoff found for synthesized heteroanionic materials is higher
than the typical cutoff for homoanionic oxide materials.

From the DFT-based analysis of the results from the GII minimizer, we have shown that the GII
minimizer acts as an effective screening tool to reduce the computational cost of high-throughput
analysis. Using the GII minimizer, we can quickly remove a large percentage of highly unstable
compounds from the list of synthetic candiates. We also show, however, that further relaxations,
for example at the DFT level, are required both to achieve equilibrium ionic positions and to
accurately capture elecrostritive and magnetostrictive effects in the compounds. For the latter
case, accurately capturing the spin configurations are necessary in assessing phase stability. We
also show that heteroanionic materials exhibit a slightly higher GII cutoff value of 0.3 v.u., which
we explained as arising from an inaccurate bond valence parameterization. Future determination
of improved bond valence parameters for heteroanionic systems, where the inductive effect has a

large influence on the cation-anion bond lengths, may be needed for more accurate results.

4.3.4 Thermodynamic Assessment and Synthetic Attempts

Our analysis of the GII and its performance against DF'T relaxed structures motivates us to recom-
mend that heteroanionic compounds exhibiting GII values less than 0.3 v.u. after DFT structural
relaxations are viable targets for experimental synthesis. To further guide synthetic efforts, we
next calculate the formation energy and convex hull of some of these candidate compounds to
confirm their thermodynamic stability. We choose to target oxyfluoride compounds rather than
oxynitrides for experiment because their synthesis is more easily achieved with solid-state meth-

ods [258,261]. Oxynitrides typically require an additional or concurrent ammonolysis step which
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would add more tunable parameters to the synthesis [27]. We choose SraAlOsF and CasAlOsF as
synthetic candidates because of their low GII values (0.221 v.u. and 0.172 v.u., respectively).

The formation energy for As AlO3F (A = Sr, Ca) is given by

HfAQAlosF = E(A2A103F) — 1.5,MAO - 0'5/'1/A12O3 - O'5IU’AF2 ’ (44)

where F(A2AlO3F) is the total energy of the RP phase and ; is the chemical potential of compound
1. In this case, the chemical potentials are equal to the DFT energies of their ground state electronic
energies and no corrections are used. Additionally, we calculate the formation energies using the

binary oxides and fluorides as references to better approximate the experimental synthesis. From

H?rgAlogF: H}gagAlogF

Equation 4.4, we obtain —57.6meV per atom and = 0.7meV per atom.
We therefore focus most of our synthetic efforts on SroAlOsF, but also attempt the synthesis of
CagAlO3F a few times because its formation energy is nearly zero.

We used a general solid-state approach for synthesizing SraAlOsF and CasAlOsF, using sinter-
ing temperatures resembling similar n=1 oxyfluoride compounds [146,147,260,261] and varying at-
mospheric conditions (e.g., air, Ar gas). Detailed experimental synthesis information for SroA1O3F
is presented in Appendix A, however, none of our attempts were able to synthesize either compound
successfully as revealed from powder x-ray diffraction, Most likely, CagAlOsF is simply unstable,
but our calculations indicated that SroAlOsF should be enthalphically very stable. To understand
why the synthesis of Sro AlO3F was likely unsuccessful, we examined the complex hull of these com-
pounds (the compound phase diagram with hull distances can be found in Appendix A). Using our

synthetic results as a guide for our convex hull calculations, we only include the DFT energies of the

compounds observed in the powder x-ray diffraction results of our synthetic attempts. SroAlO3F is
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still stable according to our convex hull calculations, however, when calculating the driving force for
a reaction from Sr3AlyOg, which is the major phase present in most of our synthetic attempts, we
find that the driving force is small, about —3 meV per atom. Therefore, the synthesis of Sro AlIOsF
may still be achievable, similar to other compounds with low driving forces such as MgCraSy [30],

although it may take a long time to form.

4.4 Conclusion

Using group theoretical methods, we generated all derivative structures which break the site symme-
try of one or both of the anion sites of the parent n = 1 Ruddlesden-Popper structure. We identified
that polar, antipolar, and octahedral tilts and rotations can lift the site symmetry of the anions and
use the generated polar and antipolar structures as the base structure for the screening study. We
then used the global instability index, GII, to efficiently screen out candidate compositions from a
high-throughput exploration of A;BO3X (X = N, F) compounds in the aforementioned structures,
eliminating highly unstable compounds from our list of candidates and reducing the number of
compositions for further DFT calculations by up to 50%. The GII values for these structures are
obtained by relaxing the lattice parameters of a candidate structure and eliminate structures with a
GII greater than 0.6 v.u. from our subsequent structure search. Then the remaining structures are
relaxed using density functional theory, and the resulting GII values for those optimized structures
are used to further downselect to viable structures (GII < 0.3 v.u.). Using this scheme, we capture
nearly all the known oxyfluorides and oxynitrides, with the exception of a couple of metastable
structures. The higher GII cutoff value defining the boundary between stable and likely unstable
heteroanionic materials may be due to the significant charge redistribution and asymmetric orbital

hybridization that occurs in this class of materials. Finally, we identify Sro AlO3F as an unreported
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yet viable candidate for synthesis, which is further supported by our DFT calculated formation
energies. To that end, we attempted a general solid-state synthesis of the SroAlOsF, but found it

did not form, likely because of the small thermodynamic driving force.
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Chapter 5: Phase Transitions and
Potential Ferroelectricity in
Noncentrosymmetric KNaNbOF5

This work was done in collaboration with the following individuals: Dr. Po-Hsiu Chien, Haoyu Liu,
Sawankumar Patel, and Professor Yan-Yan Hu from Florida State University performed the 9F
NMR MAS spectroscopy measurements, calculated the DFT isotropic shifts for the KNaNbOF;5
polymorphs, and assisted in writing the manuscript; Ching-Hwa (Anita) Chen refined the synthesis
of noncentrosymmetric KNaNbOF5; and Dr. Nenian Charles identified and outlined the problem,

and performed preliminary DFT phonon calculations.

5.1 Introduction

A ferroelectric material requires a spontaneous polarization under zero applied electric field and the
polarization must be “switchable,” meaning the material can switch between different polarization
states through an applied electric field [269]. Additionally, other technologically relevant properties
such as piezoelectricity and second harmonic generation are also active in ferroelectric materials,
however they do not rely on a switchable electric polarization [270]. Strategies to design and

synthesize new ferroelectrics has largely focused producing polar off-centering displacements in
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ABOj perovskite and perovskite-derived structures. Common ferroelectrics such as BaTiOgs rely
on a d° transition metal B sites to induce polarity into the structure through a second order
Jahn-Teller (SOJT) mechanism; however, this restricts the B-site chemistry to select elements.
Hybrid improper ferroelectricity allows for a wider chemistry and coupling to other properties,
e.g., magnetism, as it relies on rotations and tilting of the BOg octahedra to drive polar A-site
displacements [23,271-273].

Recent work has gone beyond traditional perovskite-type oxides and fluorides, and has shown
polar and/or noncentrosymmetric (NCS) structures may be realized by controlled modification
of the anion-sublattice composition and structure. Anion vacancy ordering combined with A-site
chemical ordering has been used successfully to generate NCS BagYFeOj 5 and (SrFeOq 5)1/(CaFeOs 5)1
thin films and superlattices [159,274], respectively. Anion substitution alone can be used to create
polar-building-block units within a structure and their directed assembly can stabilize compounds
without inversion symmetry [275,276]. NCS anion-substituted compounds, which we refer to as
heteroanionic materials (HAMs), however, are still relatively rare [27]. For that reason, there are
few conclusively demonstrated ferroelectric HAMs. Ferroelectric oxynitrides have been studied and
proposed as relaxor ferrorelectrics with a switchable polarization [277-279], but to our knowledge
there are no known switchable ferroelectric oxyfluorides. NagMoO3F3 has been proposed to be a
ferroelectric [184], however, its field-polarization hysteresis loop neither saturates nor exhibits a re-
gion with a large change in concavity. [208,280]. Upon our microscopic analysis of the polarization
in NagMoO3F3, we find that it arises from aligned [MoO3F3]~% units. For polarization reversal,
significant mass transport (i.e., 180°C rotations of the all [MoO3F3]~% units) would be required,
which is difficult to achieve. It would involve disassembling the structure and reconnecting it in

a manner analogous to how the the structure of zinc blende is noncentrosymmetric and permits a
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static polarization, but cannot be reversed. Thus, in order to find a ferroelectric oxyfluoride, we
not only require a polar structure, but the electronic polarization must be switchable below the
break-down voltage of the material with small displacive distortions.

KNaNbOF5 is one of these rare polar heteroanionic materials [151], which is also polymorphic.
It exhibits a metastable centrosymmetric (CS) phase [108] and a polar structure at room temper-
ature [281,282]. This polar ground state structure has Pna2; symmetry and exhibits a reversible,
temperature-driven phase transition to a high temperature (HT) centrosymmetric (CS) phase with
symmetry Cmem [7,282], which makes it a potential candidate for switchable ferroelectricity. Our
analysis of the group-subgroup relationships for the HT and NCS phases, which we present in de-
tail below, reveals that a complex phase transition with either proper or hybrid-improper character
may occur depending on whether the relevant unstable modes driving the transition condense se-
quentially or simultaneously. If two or more modes condense together at the same temperature,
KNaNbOF5 would exhibit an unusual avalanche transition [271,283,284]. If the modes do not
condense together, then an intermediate phase would appear and the transition becomes proper.
Ferroelectric switching would also be more likely, as the intermediate phase could provide for a low
energy CS pathway.

Here we investigate ferroelectricity in KNaNbOF5 by examining the sequence of possible phase
transitions occurring between its ground state NCS phase and its HT phase. We first investigate
the character of possible phase transitions by constructing a Landau model using order parameters
and interactions obtained from density functional theory (DFT) calculations. Our model suggests
an intermediate phase with Pnma symmetry should appear between the previously identified HT
and NCS phases upon cooling. We then verify the symmetry of this phases experimentally us-

ing high-resolution and in-situ !F magic-angle spinning (MAS) NMR. Furthermore, we show the
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electric polarization in the compound arises from the antipolar displacements of oxygen and flu-
orine atoms and that a low-energy monodomain ferroelectric switching path occurs through the
potential intermediate phase by reversal of these antipolar displacements. Our results suggest that

KNaNbOFj is an ideal ferroelectric oxyfluoride candidate.

5.2 Methods

5.2.1 Computational Details

All calculations were performed using density functional theory (DFT) as implemented in the
Vienna Ab initio Simulation Package (VASP) [43,44]. We used the generalized gradient approxi-
mation of the exchange correlation functional of Perdew, Burke, and Ernzerhof revised for solids
(PBEsol) [62], and the meta-GGA functional SCAN [65] as recommended by recent computational
studies of oxyfluorides [253]. We also use projector augmented wave (PAW) potential s [87] with
the following valence configurations: 3s23pS4s! for K, 2p%3s! for Na, 4p®5s24d* for Nb, 25%2p* for
O, and 2s%2p® for F. A plane-wave cutoff of 600 eV and a 5 x 3 x 5 Monkhorst-Pack mesh [79] were
used for structure relaxations and total energy calculations. Structure relaxations were converged
to have forces less than 1 meV A~! on each atom.

To investigate the energetics of the monodomain switching path, a generalized solid-state
nudged elastic band (G-SSNEB) method was used [285]. Forces on ions in the G-SSNEB cal-
culation were converged to less than 10meV A~!. Phonon frequencies were calculated using the
frozen phonon method with 0.03 A displacements in 2 x 2 x 2 supercells of the primitive cell. The
Phonopy software package [286] was used to calculate the force constants and dynamical matri-

ces from the DFT calculations. Wannier centers and maximally localized Wannier functions were
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obtained using the Wannier90 code [287]. The chemical shifts were determined by magnetic shield-
ings using perturbation theory (linear response) [288,289]. The calculated isotropic shifts, which
included the contribution of G = 0 and PAW cores, were then calibrated with a calibration factor
of +15 ppm according to our previous work [6].

Crystallographic symmetry-adapted modes were analyzed using ISODISTORT [244,290]. Lan-
dau free energy expansion was generated using the INVARIANTS tool [291,292]. In our analysis of
the Landau free energy expansion, we utilize the unstable phonon eigenvectors which are obtained
from the force constant matrices of the fully relaxed Cmem structure. Under a given irrep, these
modes are allowed to mix to form the symmetry-adapted modes. We use the eigenvectors because
the using the symmetry-adapted modes alone were found to be stable with the mode distortion.
Details on the linear combination of these eigenvectors to fulfill the symmetry-adapted modes is
described in Appendix B. Landau coefficients are obtained by a least-squares fit of a mesh of ab
initio energy calculations to the Landau function. Quadratic coefficients were fit to at least 20 data

points, biquadratic to more than 400, and trilinear terms to more than 1000 data points.

5.2.2 Synthesis of KNaNbOF;

Caution: Hydrofluoric acid is tozic and corrosive and must be handled with extreme caution and the
appropriate protective gear! If contact with the liquid or vapor occurs, proper treatment procedures
should immediately be followed [293-295].

The reagents NaF (99%, Aldrich), KNO3 (99.9%, Mallinckrodt), NbaOs (99.5%, Strem) and
aqueous hydrofluoric acid (HF) (48% HF by weight, Aldrich) were used as received. All reactants
were sealed in Teflon pouches as previously described [296]. The precursor NagNbOF5; was syn-

thesized hydrothermally via a previously published procedure by combining 0.1344 g NaF, 0.4254 g



110

NbyOs, and 1.2ml aqueous HF in a Teflon pouch [7,282]. Six pouches were placed in a 125ml
Teflon-lined Parr pressure vessel filled with 42 ml deionized water as backfill, and heated at 5°C
per minute to 150 °C, held for 24 h, and slowly cooled to room temperature at 5°C per min. The
cooled products were left in the pouches at room temperature to crystallize over 2 weeks. The
product was recovered by vacuum filtration in air.

NCS KNaNbOF5 was synthesized by combining 0.0496 g NasNbOF5, 0.0929g KNOj3, and
0.12ml deionized H2O in a Teflon pouch [151]. Six pouches were placed in the Parr pressure
vessel with 49 ml deionized water as backfill and heated at 5°C per minute to 150°C, held for
24 h, and slowly cooled to room temperature at a slower rate of 1°C per hour. The pouches were
then removed from the pressure vessel and left undisturbed at room temperature for 1-2 weeks.
Crystals were recovered by vacuum filtration in air. Sample purity was confirmed by powder X-ray
diffraction (PXRD) measurements on an Ultima IV X-ray diffractometer (Rigaku) with Cu K,

radiation from 10°C to 60°C.

5.2.3 Experimental Details

The collection of ex situ F magic-angle-spinning (MAS of 25kHz) NMR spectra of KNaNbOFj5
(including as-synthesized Pna2;, heated Pna2;, and quenched samples as disccussed below) was
performed using the same experimental protocol as described previously [6]. In situ (heating and
cooling) high-temperature ?F MAS NMR and '°F T} relaxation time measurements were employed
to track the displacive Pna2; (NCS) to Cmem (HT) transition with the LASMAS probe [297].
Detailed experimental conditions (pulse sequence, heating/cooling control, etc.) are reported in
Ref. [6]. After the in situ 'F MAS NMR experiments, the heated sample was measured again with

19F MAS (25 kHz) NMR experiments for post-mortem phase identification.
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To capture potential intermediate phases arising during the NCS-to-HT phase transition, as-
synthesized NCS KNaNbOF5 was heated to select temperatures (150 °C, 250 °C, 310 °C, and 360 °C)
and quickly quenched in an ice bath (~0°C). The as-synthesized NCS KNaNbOF5 sample (~20 mg)
was first placed in a ZrOq tube, then loaded in a quartz tube and sealed under vacuum for quenching
experiments. The tubes were then loaded into a tube furnace (Carbolite MTF 10/25/130) and held
at the target temperature for 5 minutes before quenching. Then, the quenched samples were packed
into 2.5 mm ZrO; rotors in a glovebox (Mbraun Inc., HoO < 1ppm, Oy < 1ppm) for the F MAS
(25kHz) NMR experiments. To describe the specify the fluoride ions in the F MAS NMR spectra
of different phases of KNaNbOF5 we use the the notation: F(site number.)phase name throughout,
e.g., Flncg, corresponds to the first crystallographic fluoride position in the NCS with Pna2q
Symimetry.

We note that our starting material contains both the centrosymmetric perovskite-derived
P4/nmm phase and NCS phase, however we are confident that we can distinguish the irreversible,
reconstructive (P4/nmm — Cmem) from the reversible, displacive (Pna2; <+ Cmem) transitions
given that the these transitions have been studied using the same technique [6]. We show equivalent
experiments results for the reconstructive phase transition and discuss their potential impacts on

the results in the displacive phase transition in the Appendix B.

5.3 Results and Discussion

5.3.1 Symmetry Analysis and Energetics

To understand the nature of the Pna2; to Cmem phase transition in KNaNbOF5, we first examine

the relationship between the structures a using mode analysis [298,299]. For the analysis of the
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FIGURE 5.1: The a Pna2; (NCS) and b Cmem (HT) structures of KNaNbOF5.

displacive motion of atoms that reduce the Cmem structure to Pna2;, we use the DFT optimized
structures in Appendix B. Although the HT structure exhibits corner-connecting heteroleptic and
homoleptic units and the NCS structures exhibits only edge- and corner-connected heteroleptic
units (Figure 5.1), the transition between these distinct structures maintains a group-subgroup
relationship.

Figure 5.2 shows the results of the mode-decomposition analysis for the high symmetry (Cmcm)
to low symmetry (Pna2;) transition. Unlike a proper phase transition, which typically requires
the condensation of only one mode, this transition requires the condensation of at least two (of
a possible three) modes to obtain the Pna2; space group as shown in the group-subgroup tree
(Figure 5.2a). Each mode displaces atoms according to a particular sub-group symmetry, which
are labeled according to the irreducible representations (irreps) of the high-symmetry C'mem phase.
The modes are Y;, Y, and I';. Their corresponding atomic displacements, obtained from the
lowest frequency phonon eigenvectors of the Cmem force constant matrices, are shown on the left
of Figure 5.2. The Y5 mode is an out-of-phase rotation of the [NbOF5]?~ and [NaF5]*~ polyhedra

about the ¢ axis. The Y] mode is an in-phase rotation of the polyhedra about the b-axis, and
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FI1GURE 5.2: Mode decomposition and energetics of KNaNbOF5. a The irreps associated with
each intermediate structure are show in blue. b Energetics of each of the modes associated with
this transition. The atomic displacements associated with the unstable modes from force constant
eigenvectors are also shown in the atomic structures on the left. Atoms are designated as in
Figure 5.1.

the I'; mode induces polar displacements into the high temperature structure, primarily through
uncompensated anti-polar displacements of the O?~ and F~ ions as denoted by the black arrows.
The polar displacements is accompanied by large anti-polar displacements of the K* ions along the
b axis (black arrows).

Condensing these modes individually into the C'mem structures shows the expected energy
lowering behavior (Figure 5.2b). The Y; mode is the most unstable, with its minimum around an
amplitude of 0.83 A, followed by Y] with its minimum around 0.80 A. The polar mode, I'; is the
least energy stabilizing, exhibiting a shallow energy well at a slightly higher amplitude of 0.86 A

and depth of & —3.72meV per formula unit. Based on these energetics its likely that the nonpolar
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modes transforming as Y5 and Y] drive the NCS-to-CS transition as they are considerably more
unstable than the polar I'; mode.

To determine the character of this phase transition in KNaNbOF5, we follow a procedure used
to investigate the sequence of phase transitions in SrBisTasOg and SrBioNbsOg, which also exhibit a
complex energy landscape with multiple mode couplings. The approach involves computing the 0 K
free energy Landau expansion using ab inito DFT energy calculations to obtain the coefficients for
symmetry-permitted terms that involve the active order parameters and their coupled interactions.
Based on this Landau model, and an approximate phase diagram with variable quadratic coefficients
is constructed to reveal whether a direct transition between the high and low symmetry phases is
allowed [283].

Following this procedure, we first construct a zero-temperature energy model (AEyx) using

the relevant unstable modes, Y;, Y], and I';, to model the transition as follows:

AEOK - EF; + EY2+ + EYI* + EF;Y2+ + EY;*YI* + EY17F27 + EI‘;Y;*Yl* . (51)

The homogeneous terms (F;) are:

_ 2 4
EF; = ap; Qr; + 5r; Qr; ,
Ey+ =ay,+Q% + B,+Q}
y2 y2 Y2+ y2 Y2+ )

_ 2 4
EY— = ayl— le— + Byl— le— )
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and the biquadratic terms (F;;) are:

— 2 N2
EP;Y; - 5F;Y2+ Qr; QY; ’

- 2 2
EY*Y; - 5Y2+Y; QY2+ QY; ’

— 2 2

EY;F; = 5Y1—F2‘ QY; ry
Last, the the trilinear term (E;;;) coupling each order parameter is
Erovive = Yrsvgye QF; QY; QY; ’

5.3.2 Approximate Ab Initio Phase Diagram

We now approximate the zero temperature free energy of the system using coefficients for «, 3,
and vy calculated from DFT at 0K. Values for all coefficients are listed in Appendix B. Using
the zero-temperature model in the previous section, we can approximate a pheonomenological free
energy under the assumptions of the Landau theory of phase transitions. Then, the temperature
renormalization is solely contained in the quadratic terms, such that o; = a;(T" — Tp,;) for a given
mode ¢, where a; is a constant and Tp ; is the critical temperature. Under this approximation, the

free energy is:

3
a; 2 4
F= Z [5 (T = To0)Q7 + BiQ)] + Ergyp + Eypy- + Byops + Broyy (5.2)

7

Because we are approximating a zero temperature system, the coefficients obtained from the fits to

the ab-initio data from the unstable eigenvectors are directly related to the stiffness coefficient and
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transition temperature, ag; = —a;Tp;. Given that the quadratic stiffness coefficient is linear with
temperature, we can construct a phase diagram in a region near «; = 0 to predict if a continuous,

direct phase transition is possible between the high temperature Cmcem and ground state Pna2;

phases.
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FIGURE 5.3: Approximate phase diagram of the displacive transition in KNaNbOF5 in which
aps = 0.6 meV A=2. The red dot at (0,0) corresponds to the position in the phase diagram through

which a direct transition between the high temperature (Cmem) and ground state (Pna2;) phases

occurs. The red arrow represents a possible path of the phase transition through an intermediate
centrosymmetric phase.

Figure 5.3 presents the phase diagram of our 0 K Landau model for the transition in the space
of the two most negative stiffness constants Y;r and Y, . Presenting the phase diagram in a two-
dimensional space with three potential stiffness coeflicients, requires we impose a constraint between
one of the coefficients of these order parameters and the amplitude of I'; . The slice presented in
Figure 5.3 gives the “best case scenario” for a direct phase transition between the HT and NCS
phases, where ap, = 0.6 meV A=2. Here we find a singular point at the origin, which allows for a

direct phase transition between the phases. This scenario also exists under the following conditions:
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0 < arp; < 6 meV A2 ap, = Qyd +n where 0 < n < 0.6meVA~2; and ap. = Qy— + m where
0 < m < 0.6meVA~=2 The only condition for this point to open and permit passage between
Cmem and Pna2; is when the trilinear coupling coefficient is increased (Appendix B), which is
also seen in the case of SrBisTasOg [283]. Given that we do not know the exact physical path
the phase transition follows, we assume that the larger the gap between the two phases, the more
likely it is for a direct transition to occur. Because the gap between the phases is restricted to
a singular point at the DFT-calculated trilinear coupling amplitude, we conclude that a hybrid-
improper transition does not occur. The two unstable modes Y2+ and YY" do not condense at
the same temperature; therefore, an intermediate phase must exist to accommodate the transition
between Pna2; and Cmcem. Given the single mode energetics in Figure 5.2b, we predict it to be
one of the centrosymmetric phases Pnma or Pnna. This makes it a proper ferroelectric transition
driven by the condensation of a single mode.

To confirm the appearance of the gap is not functional or volume dependent, we repeat this pro-
cedure using the SCAN functional, which has been shown to give more accurate phonon frequencies
in oxyfluoride materials [253]. Appendix B gives the Landau coefficients and approximate phase
diagram obtained using the SCAN functional, respectively. The trilinear coupling coefficient from
the SCAN functional is slightly smaller than the PBEsol equivalent (18.95 and 20.17 meV A=3). As
a result, the SCAN phase diagram is essentially similar to that we obtained using PBEsol; there
is a single point in which a direct transition can occur. Increasing the trilinear coupling coefficient
is the only way to open passage between the Pna2; and C'mem phases through a hybrid improper
transition. Therefore, our conclusion remains the same and we expect an intermediate phase of
either Pnma or Pnna symmetry, whose DFT relaxed structures and crystallographic information

can be found in Appendix B. As described previously, the structures differ in the [NbOF5]~2 axis
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of rotation, which is about the ¢ in Pnma and the b axis in Pnna. When the structures are relaxed,
the Pnma structure is lowest in energy (93.3 and 282.2meV per formula unit relative to Pna2y,

see Appendix B).

5.3.3 In-situ Characterization of the Transition

First, we confirm structure assignments of the Pna2; and Cmcm phases and the reversibility
between these phases using in-site '”F NMR. Previous experiments have shown the technique is
able to distinguish among the known symmetries, P4/nmm, Cmem, and Pna2; of KNaNbOF;5 [6].
Appendix B shows the calculated and observed isotropic chemical shifts of Pna2; and Cmem and
the proposed intermediate phases, Pnma and Pnna. Appendix B shows the fluoride sites in the
structures. Although it is difficult to resolve the equatorial fluoride sites, i.e., all fluoride sites that
are not trans to the oxide in the [NbOF5]?~ octahedra, because of their close proximity in the NMR
spectra, we can readily resolve the phases using the chemical shifts of the apical fluoride, i.e., the
fluoride trans to the oxide anion. We also note that the apical fluoride anion is static throughout

the phase transition (Appendix B), indicating that there is no dynamic O/F disorder in the HT

phase.
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FIGURE 5.4: High-resolution *F MAS (25kHz) NMR spectrum of noncentrosymmetric (NCS)
sample of KNaNbOF5. Calculated '9F NMR chemical shifts of NCS KNaNbOF5 are also shown

for reference. Asterisks (*) denotes spinning side bands. F MAS (25kHz) NMR spectrum of
centrosymmetric (CS) KNaNbOF5 is shown in (Appendix B) for comparison.
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Figure 5.4 shows the high-resolution 'F MAS (25 kHz) NMR spectrum of the NCS KNaNbOF5.
Among seven recognizable F resonances, the peaks at —229.2 and —109.5 ppm can be assigned to
the fluoride ions Flcg and F2¢g, respectively, of the centrosymmetric (CS) P4/nmm (perovskite-
derived) phase of KNaNbOF;5 (see also Appendix B). These assignments agree well with our
previous results. [6] The remaining five '°F chemical shifts at —89.8, —115.8, —100.1, —95.8, and
—214.2 ppm are assigned to the fluoride ions at sites Flycg to Fbncg in the NCS phase. The
isotropic shifts to which Fycg ions are assigned are verified by the calculated results from DFT
(Appendix B).

The Pna2; KNaNbOF;5 exhibits five crystallographically distinct sites with no mixed occu-
pancy; thus, the ratio among the five fluorine atoms is 1:1:1:1:1. In other words, the apical fluoride
ion, F5ncs, should ideally share 20% of the total '°F integral in the NCS KNaNbOFj5 spectra.
Experimentally, the percentage of the '9F integral (including both isotropic shift and spinning side
bands) of the apical fluorine atom F5yncg over the sum of all fluorine atoms is 19.4%. The ratio
among the equatorial fluorine atoms (F2xcs, F3ncs, Fincs, and Flycs) is 1.02:0.83:1.13:1.15,
which confirms the assignments of the '°F resonances in the NCS phase.

Next, we performed in situ high-temperature *F MAS (5kHz) NMR on the as-synthesized
NCS KNaNbOF5 to examine the reversibility of the Pna2; to Cmcm transition. The heating
process is summarized in Figure 5.5 and the cooling process is displayed in Appendix B. From
room temperature to ~350 °C, no phase transition is observed. The only detectable 'F resonance
at —259.2 ppm is assigned to the apical fluoride ion, F5xcs, in KNaNbOF5 (Appendix B). The Y9F
signals for the equatorial fluoride ions in the NCS phase (F2ncs, F3ncs, Fdncs, and Flycg), which
are supposed to emerge from —85 ppm to —120 ppm (Appendix B) are not discernible. Indeed, this

can be explained by the large chemical shift anisotropy (CSA). From simulations of 1F MAS NMR
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FIGURE 5.5: In situ monitoring (heating process) of the phase transition in KNaNbOF5 from non-
centrosymmetric (NCS) phase (Pna2;) to the high-temperature (HT) phase (Cmem) by variable-
temperature °F MAS (5kHz) NMR.

spectrum of NCS KNaNbOF5 (Figure 5.4), the obtained CSA of F5xcg is only 29.7 kHz, whereas
the summed CSA of the equatorial fluorine atoms, F2xcs, F3ncs, F4ncs, and Flyngs, is 98.9 kHz.
We attribute the spread of the '9F signals over nearly 99 kHz for F2xcs, F3ncs, Fdncs, and Flncs
to both the slow spinning rate of 5 kHz,slow spinning rate of 5 kHz, and the relatively large CSA,
leading to low sensitivity.

Upon heating the NCS KNaNbOF5 up to 450°C, the '"F NMR linewidth of the F5ycg signal
remains unchanged. This temperature-independent lineshape, which is consistent with our previous
studies [6], indicates that the [NbOF5]?~ unit in the NCS phase experiences an axial rotation about
the Fapical-Nb-O axis. Several additional features in the downfield spectra, however, emerge upon
heating. At ~360°C, a '°F peak at —143.2 ppm appears. We assign this peak to a phase associated
with the reconstructive transition, further details can be found in Appendix B. At 390°C, the HT

phase appears with a !°F chemical shift at —116.7 ppm (Appendix B). Upon further heating, fast
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axial rotations of the [NbOF5]?~ units occur, which gradually reduce the CSA of the equatorial
fluoride ions and leads to an ‘observable’ isotropic shift together with residual spinning side bands.
This feature mirrors the growth of the HT phase in the irreversible reconstructive transition reported
in Ref. [6] (Appendix B), confirming the assignment of the —116.7 ppm resonance to the HT phase.

Additionally, another unknown '°F peak at —114.8 ppm becomes visible at a higher tempera-
ture of 419 °C. Whether this '9F signal suggests a new KNaNbOFj5 phase is currently under investi-
gation. Overall, the evolution of the F signals shown from —100 ppm to —160 ppm are reversible
with temperature except for the peak associated with the reconstructive transition (Appendix B),
consistent with a second-order proper ferroelectric transition.

After in situ high-temperature (T = 451°C) "F MAS NMR experiments, post-mortem
analysis on the heated NCS was investigated with 1YF MAS (25 kHz) NMR. Appendix B shows that
the 9F resonances (Flcg and F2¢g) of the CS phase vanish from the pristine sample, leaving a clean
signature of five 19F signals (F1ncs to F5ncs), which further support our previous findings [6]. This
observation indicates that the CS phase converted to the NCS phase during in situ high-temperature
experiments. Finally, the chemical shifts of all the °F signals in the NCS phase remain identical
before/after the heat-treatment (T'max = 451 °C). This means that the local environment of each
fluorine atom in the NCS KNaNbOF5 is unaltered, and therefore the Pna2;-to-Cmem transition

is fully reversible.

5.3.4 Intermediate Phase Verification

We performed heating-and-quenching experiments on KNaNbOF}5 followed by 'F NMR to identify
the potential intermediate phases with Pnna and Pnma symmetry. First, we quenched (q) the

Pna2; KNaNbOF5 samples in ice bath after heating to the following select temperatures: T, =
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FIGURE 5.6: High-resolution *F MAS (25 kHz) NMR spectra of NCS phase KNaNbOF5 quenched
(¢) at T, = 150°C, 250°C, 310°C, and 360 °C. Asterisks * denote spinning side bands.

360°C, 310°C, 250°C, and 150 °C. The quenched samples, denoted as for example Pna2;(360°C),
were then studied with F MAS (25 kHz) NMR. Figure 5.6 shows there are three characteristic 1°F
signals, which correspond to the apical fluoride ions in the Pnna phase (—223.5 ppm), Pnma phase
(—233.8 ppm), and Pna2; phase (—214.2 ppm). In contrast, the equatorial fluoride ions among the
three phases manifest in broad and featureless '’F resonances due to severe signal overlap from
—80 ppm to —130 ppm (Appendix B). The superimposed *F NMR peaks of the equatorial fluorides
create a source of ambiguity in quantifying the individual phases. Therefore, we reference the phase
fraction between intermediates (Pnna and Pnma) and the ending form of KNaNbOF5 (Pna2;) to
the F integral of the apical fluoride ions.

First, our quenching study reveals that quenching at lower temperatures leads to a greater phase
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fraction of the Pna2; phase compared to the intermediate phases (Pnna and Pnma). Specifically,
when quenched from 360°C, the Pnma phase consumed 81% of the total 1°F integral with the
remaining 19% assigned to the Pnna phase. At a lower quenching temperature of 310 °C, all three
phases, Pnna, Pnma, and Pna2;, were detected. The Pna2; phase grew and accounted for 53%
of the total F integral, whereas the '°F integral of the Pnna and Pnma phases decreased from
19% to 13% (—6% reduction) and from 81% to 34% (—47% reduction), respectively. It should be
noted that the overall loss of the intermediate phases is consistent with a transformation to the
Pna2, phase. We observed a further increase (53% to 69%) of the Pna2; phase at the expense of
the Pnma phase (34% to 19%) and the Pnna phase (13% to 12%) in the Pna2;(250°C) samples.
Quenching the NCS phase at 150 °C resulted in the complete formation of the NCS KNaNbOF5. In
sum, the phase transition onsets around 250 °C and fully transforms to an intermediate structure at
360 °C. Additionally, we observe that both the intermediates phases from our symmetry analysis,
Pnma and Pnna, occur experimentally.

The manner in which the '°F integral varies among the apical fluoride ions (F3pnma, Flpnna,
and F5ycg) throughout the course of quenching experiments suggests one of the following scenar-
ios: (i) the Pnma structure is the likely intermediate phase in the proper ferroelectric transition
or (ii) the energy barrier between the Pnma and Pnna phases is low and thus, both phase transi-
tion pathways are possible. Scenario (i) is supported by equivalent quenching experiments of the
perovskite-derived P4/nmm phase (Appendix B), which when quenched at 370°C show a much
larger fraction of the Pnna phase compared to the Pnma. Because samples used in the quenching
experiments on the polar phase contain some fraction of the P4/nmm phase, it is difficult to dis-
cern if the appearance of the Pnna phase is intrinsic to the NCS to HT phase transition, or if is

due to the sample’s contamination with the P4/nmm phase. Additional support for this scenario
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is also contained in the 'F integral of the Pnna phase, which remains comparatively unchanged
compared to the opposing fluctuations of the Pnma and Pna2; F integrals. Likewise, scenario
(ii) is supported by calculations of the energy barrier between the intermediate phases. Although
the difference in energy between the relaxed phases is 189 meV/f.u., the energetic barrier may be
smaller and allow for mixing of the two phases. This may also suggest that there is a first order
phase transition between the Pnma and Pnna phases. Either way, the quenching experiments
reveal the existence of a centrosymmetric intermediate phase.

We have confirmed that the displacive phase transition is reversible and consistent with pre-
vious measurements. By quenching the sample at various intermediate temperatures, we also
confirm the existence of an intermediate phase, although its crystallographic symmetry remains to
be determined as NMR is a short-range structural technique. We also identify an additional high
temperature phase transition around 415°C. Further attempts were made to determine the char-
acter of the phase transition through temperature-dependent second-harmonic generation (SHG)
measurements, but due to the particular environmental conditions needed to keep the sample from

degrading at high temperatures, we were unable to obtain reliable data at this time.

5.3.5 Electric Polarization

Next, we computed the Berry phase polarization [300,301] and obtained 0.64 £C cm~2 along the
c-axis, which differs from the previously reported calculation of 0.21 Ccm™2 [209]. The value is
small, but not unaccepted as our analysis shows that the polarization in KNaNbOF5 arises from
the displacement of the anions. As seen in the structures of Figure 5.7, the [NbOF5)?~ octahedra
can be thought of as dipoles, which are aligned in an anti-polar manner in the Pnma phase. Using

a vector sum model [302], we calculate the dipole moment of the [NbOF5]2~ unit in the Pna2;
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FIGURE 5.7: Structure and properties of the coherent monodomain switching pathway. The top
panel shows key structures along the switching pathway, as indicated by the letters.

phase as 1.9debye, which is consistent with other heteroleptic polyhedra [107,302] and slightly
smaller than the dipole of the unit in the Pnma phase (2.2debye). As the atoms displace to
lift inversion symmetry to produce the Pna2; structure, the octahedra rotate with opposite sense
about the b-axis in alternating rows along the a-axis. This rotates the dipoles such that they are
no longer compensated equally, but sum to give a net polarization along the c-axis analogous to
weak-ferromagnetism observed in canted antiferromagnets. The calculated born effective charges
(Appendix B) are anomalous for the oxide and the fluoride ions that are not aligned with the arrow
in the structures in Figure 5.7.

Although the calculated macroscopic polarization is small, we find both the electronic and ionic

contributions to the polarization are large but of opposite signs, which is uncommon among simple
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polar dielectrics. Using the Berry phase method, we found the ionic and electronic polarizations
were 2.63 uCcm™2 and -1.99 uCcm™2, respectively. We confirmed these polarization values by
calculating the polarization using a Wannier representation [303]. In this method, the Wannier
functions of all occupied pairs of valence electrons are calculated, and because they are localized,
their average positions or Wannier centers can be found. We then obtain the electric polarization
as the sum of the ionic polarization (from displacements of atomic sites) and electronic polarization
(from displacements of the Wannier centers). This analysis resulted in an electronic polarization of
-1.99 uC cm~? and total polarization of 0.64 uC cm™2, which is identical to the result of the Berry
phase calculations. This significant contribution from the electronic polarization may be a common
feature in heteroanionic materials, as this is also seen in calculations on LaTiO2N, where the Berry
phase polarizations are twice as large as the point charge model [264].

To our knowledge, a polarization arising from the displacement of anions is not often seen,
particularly in homonanionic materials (e.g. oxides, fluorides). This mechanism is distinct from
second order Jahn-Teller induced ferroelectricity, as well as improper or hybrid improper mecha-
nisms as the octahedra in the centrosymmetric structure already have second order Jahn-Teller-like
distortions, the polarization arises from a single soft mode, and the polarization does not originate
from the uncompensated displacements of the A-site cations. This material may be categorized as a
proper geometric ferroelectric, although unlike other proper geometric ferroelectric such as BaMF,
(M=Mn, Fe, Co, Ni) [304], there is a large electronic polarization contribution and anomalous Born
effective charges, indicating that the polar displacements may originate from changes in chemical

bonding.
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5.3.6 Potential Ferroelectric Switching Path

To investigate the feasibility of a switchable polarization in this compound, we calculate the ener-
getics of a coherent ferroelectric domain reversal or the monodomain switching barrier. Although
this approach is a very simple approximation of the ferroelectric switching mechanism, it provides a
figure of merit that often indicates if polarization switching is possible in a material. For example,
the well-known ferroelectrics PbTiO3 and BaTiO3 have coherent energetic barriers of 200 meV and
16 meV, respectively [305]. If a material has a comparable barrier, then the polarization may likely
be a switchable, but materials with significantly higher barriers are less likely to be ferroelectric
and simply pyroelectrics.

Because we are unsure of the structure of the intermediate phase, we first compare the energetics
and volume of the relaxed HT and intermediate phases relative to ground state structure, as shown
in Appendix B. Cmcm has a large volume and energy difference relative to the ground state
structure, suggesting that if the transition were direct, the phase may not be switchable due to
a large energetic barrier or potential cracking from a large strain gradient in the sample. The
candidate intermediate phases, Pnma and Pnna, have an order of magnitude smaller volume
change, and the energetic barrier is also reduced, by up to about 300meV/f.u. in the case of
Pnma. We therefore choose to investigate a potential ferroelectric switching pathway through the
Pnma phase, as is the lowest energy intermediate phase and the most likely intermediate candidate
based on the energetics of the singular modes.

To ensure an accurate modeling of the fluctuations in lattice parameters through the tran-
sition, we use a generalized solid-state nudged elastic band (G-SSNEB) calculation to model the

monodomain switching. The results of the G-SSNEB, shown in Figure 5.7, should predict the
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minimum energy pathway to switch the polarization of the material. The ferroelectric switching
path through the Pnma structure proceeds smoothly along the minimum energy pathway. The
maximum in both the volume and relative energy is at the CS intermediate and their values do
not deviate much compared to their relaxed differences (Appendix B). The maximum difference
in energy is about 93 meV, which a bit less than half of the coherent energy switching barrier of
PbTiOs. This suggests that the polarization may be switchable, but further investigation is needed
to confirm the material is a ferroelectric. Attempts were made to measure the polarization hystere-
sis of KNaNbOF5 under applied electric field, however due to the difficulty in sample processing,

we were not able to confirm or refute its switchability.

5.4 Conclusion

We have investigated the character of the NCS to HT CS phase transition in KNaNbOF5 in order
to gain insight into its potential switchable ferroelectricity. Using a Landau model constructed
from DFT calculations of the relevant unstable modes, we determined that a direct transition was
not possible and an intermediate phase should appear between these known phases. We verified
the existence of an intermediate phase through in-situ and high resolution '"F MAS NMR, which
suggested the intermediate phase to be Pnma, however further long-range in-situ structural char-
acterization would be needed to prove this definitively. We also identify another high temperature
phase transition from the C'mem phase to an unknown higher temperature phase. Based on this
proposed intermediate phase, we created a ferroelectric switching path and investigated its co-
herent energy switching barrier. Based on this simple metric, the material may be switchable as

its energetic barrier is comparable to other known ferroelectrics. A hysteresis experiment would
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be necessary to confirm its switchability and we hope that our work sparks further experimental

investigation into this material and other potential ferroelctric oxyfluorides.
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Chapter 6: Heteroanionic
Ruddlesden-Popper Ferroelectrics
From Anion Order and Octahedral
Tilts

6.1 Introduction

The development of ferroic-based microelectronic components, such as non-volatile ferroelectric
memory cells [306,307], relies on advances in novel ferroelectric materials, i.e., materials whose
spontaneous polarization is switchable through an external electric field. New mechanisms to
induce ferroelectricity in known or novel compounds are therefore key to the development of better
technologies. For example, the design and validation of alternative ferroelectric mechanisms such
as improper [15] and hybrid improper ferroelectricity [272,308] over proper ferroelectricity has
expanded the design space for novel ferroelectric materials [309].

Designing novel ferroelectrics in ceramics has largely focused on homoanionic perovskite-derived
oxide materials. Proper ferroelectrics, such as BaTiOgs, are generally driven by the pseudo-Jahn-
Teller (PJT) mechanism [310,311], which stabilizes the off-centering of the Ti ion through covalent
interactions [305,312]. However, this interaction relies on d° transition metals in such materials,

which severely limits the number of potential compounds and restricts routes to couple the electric
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polarization to a net magnetization. To facilitate coupling to magnetism and expand the available
design space, improper and hybrid improper ferroelectric mechanisms can be used, which induce
polarity through an anharmonic (multi-)mode coupling of polarization to zone-boundary modes
such as octahedral tilts or rotations [24,271,272,313,314]. In hybrid improper ferroelectrics, the
polarization is induced through antipolar displacements of chemically distinct A-site cations, which
removes the reliance on d° transition metals and may allow for magnetoelectric coupling [23,273].
This research led to the discovery of similar anharmonic multimode couplings that induce polariza-
tion by coupling octahedral rotations to other types of distortions (e.g., Jahn-Teller, antiferroelectric
modes, etc.) in both organic and inorganic perovskites and perovskite-derived phases [274,315-319].
These polarizations are all typically induced by the A-site cations or cation order.

Heteroanionic or multi-anion materials have emerged as an active area of research as one can
leverage anion substitution to enhance and design new materials with functional properties, in-
cluding those rooted in acentricity such as ferroelectricity, piezoelectricity, and second harmonic
generation [26,27,229]. A number of heteroanionic materials have been investigated for potential
ferroelectricity, however many of their electronic polarizations originate from mechanisms observed
in homoanionic materials. (Relaxor) ferroelectric behavior has been observed in SrTaO2N in both
epitaxial thin films and on the surface of bulk samples [277,278]. Density functional theory (DFT)
calculations and later measurements of the anion order [166] suggest that small domains of trans-
type anion ordering with symmetry P4mm was the origin of the electric polarization. The polar-
ization in that structure is driven by the pseudo-Jahn-Teller effect, which drives polar distortions
of the Ta®T within the trans-[TaO4Ng| octahedra. Likewise, the polar structure of BaWON; also

originates from the PJT effect, but it is unknown if this material is a ferroelectric [320].



132

Computational studies of oxynitrides have also predicted polar oxynitrides. LaTiOsN is pre-
dicted to be polar under high compressive strain with possible switchable ferroelectricity, but the
polarity originates from the PJT effect [264]. CagNboO5Nj is predicted to exhibit a polar structure,
although the polarization originates from antipolar A-site displacements as in other homoanionic,
hybrid improper n = 2 Ruddlesden-Popper compounds [279]. NagMoO3F3 is a known polar oxyflu-
oride and has been investigated for switchable ferroelectricity [184]. However, the polarization
arises from aligned dipoles formed from the [MoO3F3]3~ heteroleptic units, which would require
large mass transport in order to switch the direction of the polarization.

Recently, the polar oxyfluoride, KNaNbOFj5, has found renewed interest as a potential fer-
roelectric [6,7]. Unlike other known polar or ferroelectric heteroanionic compounds comprising
oxygen and another main-group anion, the polarization arises from the coupling of in-phase and
out-of-phase polyhedral rotations to a polar distortion—antipolar displacements of the O and F
anions [209]. Motivated by these studies on polar heteroanionic materials, herein we describe a
strategy to find stable ferroelectric phases in heteroanionic materials. The coexistence of anion or-
der and octahedral tilts generates a polarization in centrosymmetric (CS) anion ordered compounds.
This method of coupling of anion rather than cation order to other displacive order parameters
to generate polar structures was previously proposed in Ref. [192] for double pervoskites, however,
the examination of these phase transitions was not pursued. It was also explored for a limited case
of perovskite oxysulfides [321].

Here, we examine the interactions between anion order and octahedral tilts in n = 1 Ruddlesden-
Popper oxyfluorides with chemical formula As BO3F and evaluate the relative energetics and driving
forces to form the derivative phases through ab initio DFT calculations. We first enumerate the

possible structures arising from the coupling of anion orders to octahedral tilts and determine which
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FIGURE 6.1: (a) Group-subgroup relationships among anion ordered structures coupled to octa-
hedral tilts. Each anion ordering (second row) is associated with an irrep of the (b) parent phase,
n = 1 RP with space group I4/mmm. The third row couples the anion order to an octahedral
tilt, irrep X3+ , with the order parameter direction indicated below each space group label. Orange
shaded space groups are polar and blue shaded space groups are nonpolar-noncentrosymmetric.
Lines connecting space groups indicate that the phase transition is allowed to be continuous in
Landau theory.

couplings generate a polar (or noncentrosymmetric) phases. We find that only antipolar intralayer
anion orders generate polar compounds from CS anion orders. Next, we use DFT calculations
to evaluate the energy of these phases relative to their anion ordered structures in SraScOsF and
CagScOsF. In CagScOsF, the stabilization from the octahedral tilts are nearly great enough to
switch the anion order from antipolar interlayer in SroScOsF to antipolar intralayer in CasScOsF.
This finding suggests that the choice of A-site cations and octahedral tilts can change the relative
stability of the anion orders. We then investigate the driving force for these rotations to better
understand the microscopic origin of the anion-order—octahedral-tilt stabilization. We find that
covalent metal-ligand interactions within the [ScO5F])®~ octahedron play a key role in stabilizing

the octahedral tilts.
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6.2 Methods

All calculations were performed using DFT as implemented in the Vienna ab initio Simulation
Package (VASP) [43,44]. We used the generalized gradient approximation of the exchange correla-
tion functional of Perdew, Burke, and Ernzerhof revised for solids (PBEsol) [62], as recommended
for computational studies of oxyfluorides [253], and the projector augmented plane-wave (PAW)
potentials [87] for the separation of core and valence electrons. The valence configurations used
for the elements are as follows: 4s24p%5s? for Sr, 3523p%4s? for Ca, 3pS4s23d' for Sc, 2522p? for O,
and 2s22p° for F. We used a cutoff energy of 650eV and a 6 x 6 x 3 Monkhorst-Pack k-mesh [79]
for structure relaxations and total energy calculations. Structure relaxations were converged by
requiring forces to be less than 1 meV A~! on each atom and stresses of less than 10 MPa along each
crystal axis. Phonon frequencies and eigenvectors were computed using the frozen phonon method.
To ensure accurate phonon frequencies and eigenvectors across the Brillouin zone, 2 x 2 X 2 su-
percells were used for all phonon-dispersion calculations. Phonon calculations were prepared and
analyzed using the PHONOPY software package [286].

Symmetry-mode analyses of structures were carried out using the AMPLIMODES [298] and
ISODISTORT [244,290] software packages. The electronic polarization was calculated according
to the Berry phase method and the modern theory of polarization [300,301]. The procedure for the
separation of interatomic force constants has been published previously and was followed here [322].
To evaluate the covalent interactions in the system, we computed the crystal orbital Hamiltonian
populations (COHPs) using the LOBSTER code [323-326]. The COHP quantifies the orbital
overlap in a given structure and projects these orbitals onto a particular atomic (or orbital) pairs

(pCOHPs).
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6.3 Results and Discussion

6.3.1 Improper Anion-Ordered Ferroelectricity

6.3.1.1 Symmetry Analysis

We propose a chemical ordering form of improper ferroelectricity, which we refer to as improper
anion-ordered ferroelectricity. Similar to the hybrid improper ferroelectric mechanism, the mech-
anism active here relies on anharmonic multi-mode coupling to induce polar distortions in the
compound. However, this mechanism relies on coupling an order parameter describing anion order
to a displacive order parameter describing octahedral tilts, which makes it exclusive to heteroanionic
materials and different from compounds where cation order facilitates broken inversion symmetry
in the presence of nonpolar lattice distortions [272,315,319].

The main idea we follow is that a low-symmetry phase arises from distortions to an ideal high
symmetry phase. Symmetry modes, which act as basis functions of irreducible representations or
irreps of the space group of the ideal phase, then describe the symmetry breaking and serve as
order parameters in the real or hypothetical phase transition used to “derive” the low-symmetry
phase. The mechanical and permutation representations of these irreps may account independently
or simultaneously for atomic displacements and atomic chemical ordering on different Wyckoff
sites. As a result, there are interdependencies among the two representations that provide for the
symmetry lowering through displacive or order/disorder mechanisms in a physical phase transition.

Figure 6.1 illustrates this coexistence and/or coupling. Here the minimum set of irreps that
describe out-of-phase octahedral tilts and common anion ordering in heteroleptic [BOsF] octahedra

[27] are combined into the ideal n = 1 A3 BO3F Ruddlesden-Popper structure (I4/mmm symmetry)
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TABLE 6.1: The effect of individual irreps on the Wyckoff sites of the ideal I4/mmm Ruddlesden-
Popper A3 BX, compound due to anion ordering (O) and atomic displacements (D). The x indicates
that the irrep does not modify the specified Wyckoff site. Ligand sites X are either apical (ap) or
equatorial (eq).

Species  Site I'y My Xy ng
A 4e D D D D
B 2a D D D X
X1 (ap) 4e D, O DO DO D
X2 (eq) 4ec D D X D

to produce lower symmetry derivative structures. The applied anion orders affect the ligand Wyckoff
sites as given in Table 6.1. These anion-order modes appear as the polar anion order, irrep I's,
in which the fluoride ion is exclusively located at the top apical ligand position; the antipolar
interlayer anion ordering, irrep M , in which the fluoride ion switches between the top and bottom
apical positions between adjacent perovskite layers; and the antipolar intralayer anion ordering,
irrep X, , in which the fluoride ion switches between the top and bottom positions within the same
perovskite layer. The interlayer anion ordering appears to be the most commonly observed among
synthesized anion ordered heteroanionic materials [145,258-261,327,328]. Polar anion order has
also been observed [256,257] whereas intralayer anion order has not been seen [27]. The octahedral
tilts described by irrep X3Jr always rotate about an in-plane axis and have two order parameter
directions, (0,m71) or (11,0) and (11,m1), which correspond to the octahedral tilts a~a~c®/a~a~c"
and a~b°c?/b%a~c?, respectively, in a modified Glazer notation [114], where the slash between the
Glazer tilts indicates the octahedral tilt patterns for adjacent perovskite layers (Figure 6.2a,b).
The derivative structures in the bottom row of Figure 6.1 can be stabilized if the octahedral
tilt modes, X3, are unstable in the anion ordered structure (second row of Figure 6.1). The lines

connecting these phases then implies a displacive phase transition occurs, in which the octahedral

tilt modes condense to form the low symmetry phase. We show in the next section that most
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of these octahedral tilt modes are unstable in the anion ordered structures, however, here we
focus on the implications of these changes for potential phase transitions. Figure 6.1 shows that
the polar anion order combined with the octahedral tilts always results in a polar structure. In
contrast, the interlayer anion order and octahedral tilts produce centrosymmetric and nonpolar
noncentrosymmetric structures. The intralayer anion order and octahedral tilts can produce polar
structures; the polarization arises from the antipolar displacements of the anions. The structures
along the Cmc2; phase transition pathway are shown in Appendix C, and which indicate the
polarization arises from all apical fluorides displacing along the [101] direction and the apical oxides
displacing in the opposite [101] direction. Because the polarization arises from small displacements,
it may be switchable, in contrast to NagMoO3F3, in which the polarization arises from aligned
dipolar heteroleptic units [184].

The nature of the coupling can be understood through a polynomial expansion of the free energy
change (AF) in terms of the symmetry allowed invariants comprising different order parameters.
Using anion order (O), out-of-phase octahedral tilts (7'), and the polarization (P) as the order
parameters and the parent n = 1 Ruddlesden-Popper structure with I4/mmm symmetry serving

as the reference structure, we obtain the following free energy expansion:

AF = CM()O2 + 041T2 + Oé2P2 + 5004 + B1T4 -+ 52P4 -+ ")/()02T2 + 71T2P2 + ")/2P202 + 6OTP,

(6.1)

where «;, 8;,7i, and § are the order parameter (coupling) coefficients. The stability of the polar
phase originates from a delicate balance of energetically favorable and unfavorable couplings, which
we will probe in the next section. For example, in hybrid improper materials, the trilinear term ()

typically plays a significant role in stabilizing the polar structure, as the biquadratic couplings (7;)



138

i X, X
0 (0’n1)_0r (n110) ’ s y ’
HINT|

- Q -
= ¥ g E’ £
= T N B B O £

_ | o g O € g ¥ ERGHERS Sfo —
5100 < ig8 EHEEH 8N
() a3 =
= - a .
£
O -200 — —
9]
g L i
e
g -300— —
w L 4
< - |
polar
-400 — ; ; m
W interlayer antipolar
- W intralayer antipolar E

-500

FIGURE 6.2: Octahedral tilt patterns and energetics of the derivative structures relative to their
anion ordered structures. The octahedral tilt patterns associated with the modes (a) X3~ (17:,0) or
(0,m1) and (b) X3 (m1,m). The tilts in Glazer notation are noted next to each perovskite layer. (c)
The difference in energy AE between the relaxed derivative structures relative to the their anion
ordered structures. The larger the difference, the more the derivative structure is stabilized by the
indicated octahedral tilt pattern. The graph is separated into the two compounds, SroScO3zF and
CayScO3F, then further separated into the induced tilt pattern and anion orders (colors).

are typically energetically unfavorable [271,272,283]. Additionally, the homogeneous coefficients
(i.e., a; and ;) also can be energetically unfavorable, so long as the biquadratic and/or trilinear
term counterbalances the energy penalty and stabilizes the structure. If the free energy expansion
is made with the antipolar intralayer anion ordered structure, then the change in translational
periodicity causes the T mode to mix with P. As a result, a new order parameter Pr results,
where the distinction between exclusively displacive and anion order parameters are lost. The new

free-energy expansion then describes a proper ferroelectric with homogeneous quartic and quadratic
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terms: AF = aP% + BP%.

6.3.1.2 Energetic Stability Analysis

To determine if the anion-order ferroelectricity mechanism occurs, we evaluate the energetics of
the various phases obtained by combination of the aforementioned irreps. We choose SroScOsF
and CayScO3F as our test cases as the Sc (d” configuration) ensures insulating character for all
possible anion configurations. SraScO3F has also been synthesized, with locally ordered [ScO5F]3~
heteroleptic octahedra that are randomly oriented leading to the absence of long-range anion order
[146]. The smaller ionic size of the Ca compared to Sr also allows us to examine how different tilt
patterns and tilt magnitudes, owing to the A-site cations differences, affect and contribute to phase
stability !.

Figure 6.2 shows the relative energies of the relaxed tilted structures obtained from different
order parameter directions of X3 for different anion ordered configurations (colored bars). Overall,
the stability of the tilted polymorphs of SroScOsF is weaker than the corresponding phases of
CagScOsF, with a few notable exceptions. The SraScO3F Pbem structure was not energetically
favorable and the CasScOsF Pna2; phase transforms into a different structure, indicated by the
asterisk in Figure 6.2, albeit with the same symmetry. Therefore, we omit these two phases from
further analysis. For both scandates, we also find that the X3 (n1,71) = a~b%c" /6%a =" tilt pattern
tends to stabilize the structure more than the X3 (11,0) = a~a=c?/a~a~c? tilts.

We first examine the anion-order-dependent octahedral tilt stability trends in the CasScOsF

phases, because the variations are more obvious. The stability of the octahedral tilts is much greater

1We attempted to synthesize both compounds and were successful at reproducing the synthesis of SroScO3F, how-
ever we were unable to synthesize CasScOsF through solid state and ion-exchange methods. Convex hull calculations
indicate that both compounds sit above the hull, the ground states of the compounds are at a distance of 9 meV per
atom for Sr2ScO3sF and 67 meV per atom for CasScOsF.
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in the intralayer anion ordered structures compared to the other anion orders. In the structures
with X; (71, 0) octahedral tilts, the tilts in the intralayer compounds are approximately 100 meV
more stable compared to the interlayer and polar compounds. The X3Jr (71, 0) tilts are more stable
in the intralayer anion orders than the Xgr (n1,m1) tilts, which does not occur in SraScO3F.

Control of octahedral tilts may be a viable method to tune the equilibrium anion order. By
examining the stability of the anion ordered phases without rotations (Appendix C), we find the
most stable anion order is the antipolar interlayer order (the relative energies are —117.4, —204.8,
and O0meV per formula unit for the polar, interlayer, and intralayer anion orders, respectively).
When tilts are added to these structures, the tilts stabilize the intralayer anion order the most, but
it is not enough to overcome the large initial energy difference between the interlayer and intralayer
anion orders. However, we find that the ground state structure of CasScOsF has intralayer anion
order (Appendix C), indicating that although the octahedral tilts alone are unable to change the
most stable anion order, they increase the energetic competition among competing anion orders
adopted in CasScOgsF.

The stability of tilts with differing anion order is weaker in SroScOgsF. In contrast to CasScOsF,
the octahedral tilt stability of intralayer anion orders are less stable compared to their polar and
interlayer counterparts, although the difference is much smaller, on the order of 10s of meV. Like
CagScOsF, the interlayer and polar anion orders compete more closely with one another compared
to the intralayer anion ordered phases. The most stable anion order without octahedral tilts is the
interlayer antipolar order and this does not change when calculating the equilibrium and ground
state structures (Appendix C).

The change in anion order of the ground states structures of SroScOsF and CasScO3F from

interlayer to intralayer, is notable. The stability of the octahedral tilts in CasScO3F appears to be
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FIGURE 6.3: Decomposed energetics of SroScO3F and CasScO3F relative to the undistorted anion
ordered structures. The top panel divides the energy stabilization into the primary mode contri-
butions (anion order, I';, M5, or X, , and octahedral tilts, X;") and the contribution from the
coupling of these primary modes. The bottom panel takes the difference between the lattice en-
ergy of the relaxed structures and the unstrained structures with the primary modes shown here.
The gain in energy in the bottom panel is from fully symmetric ionic displacements and strain
accommodation.

greater with intralayer anion ordering, although the origin of this behavior is not obvious. Likewise,
the choice of A-site cation has a strong effect on the relative energetics of the system. To gain further
insight into these problems, we further decompose the energetic contributions to the octahedral tilt

stability.

6.3.2 Energetic Contributions Stabilizing Octahedral Tilts with Differing Anion

Orders

The derivative structures compared to their parent phase have two main displacive mode contri-
butions, as noted in Figure 6.1a. The anion ordering mode (O or I'y, My, and X, for polar,

interlayer, and intralayer anion orders, respectively), which includes the B-site displacement along
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with additional displacements of the A, equatorial oxide (Ocq), apical oxides (Oap), and F sites along
the out-of-plane axis, and the octahedral tilt modes X3+ . The final relaxed structures typically in-
clude one or two additional secondary modes; however, these modes do not alter the symmetry
of the structure and do not contribute much to the energy (< 10%). To gain further insight into
the influence of anion order on the stability of octahedral tilts, we calculate the change in energy
due to these primary modes, O and X;r , both individually and coupled together, relative to the
undisplaced (i.e., appropriately O/F decorated prototypical n = 1 RP) I4/mmm structure with
rigid octahedra.

These relative energies are shown in Figure 6.3, with the different colors noting the individual or
coupled contributions to the relative energy (AE). We find that the octahedral rotations, without
any contribution from the anion ordered displacements (green bars in Figure 6.3), stabilize the
intralayer anion orders the most. The polar and interlayer anion orders follow next in stability and
are in close competition with one another. The close competition between the polar and interlayer
anion orders makes sense as there is essentially no difference between their anion orders within each
perovskite layer, unlike the intralayer anion order. In the polar and interlayer anion orders, the F~
ion always sits on either the top or bottom apical ligand site whereas in the intralayer anion order
the position of the F~ ion switches between the apical sites within a perovskite layer.

The origin of the higher stability of the octahedral tilts in the intralayer compounds possibly
originates in the alternating anion order in the perovskite layers. Our hypothesis is that in this ideal
scenario, the electrostatic interactions of the apical sites, which move closer and further apart with
the octahedral tilts, limit the degree of tilting. In the polar and interlayer compounds, the apical
interactions are either O—O or F—F, and in the intralayer are always O-F. By using Coulomb’s law,

which gives an energy proportional to the product of the two point charges and their distance, the
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ratio of the average interaction of the apical sites in the polar and interlayer compounds compared
to the intralayer compounds is 2.5:2 or 1.25. This means that the destabilizing electrostatic
interactions from the ligands are stronger in the polar and interlayer compounds, which is consistent
with our DFT results.

Interestingly, displacements from the anion ordering mode do not always stabilize the structure.
With intralayer anion ordering, displacements from O (X, ) destabilize the structure. This likely
explains why intralayer antipolar anion ordering has never been seen in synthesized heteroanionic
RP compounds [27]. However, in the derivative structures, this destabilization is overcompensated
by the stabilization gained from octahedral tilting and anharmonic coupling between O and X; .
In SroScOsF, the competition between these forces is close, but in CasScOsF, the stabilizing forces
far exceed the destabilizing ones, likely due to more acute octahedral tilting. The anion order-
ing displacements stabilize both the polar and interlayer anion orders, but the magnitude of the
stabilization is several times larger in the interlayer anion ordered structures.

In all cases, coupling O and X ;* stabilizes the derivative structure. To help determine the origin
of this stabilization, the AE from the coupling of primary order parameters has been separated
into (i) B-site displacements from O (row B in Table 6.1) coupled to the octahedral tilts and
(74) the displacements of all other ions from O (rows A, X1, and X2 in Table 6.1) and coupled
to the octahedral tilts. When octahedral tilts are coupled to the B-site displacements (blue bars
in Figure 6.3), the structure always becomes more stable. Additionally, as the magnitude of the
B-site displacements increase, AE also increases in a nearly linear manner. As will be explained
and quantified in the next section, the coupling creates unequal trans Sc-O.q bond lengths in the
[ScO5F]®~ octahedra which stabilizes the structure through the PJT effect. Next, we consider all

other ionic displacements in the anion-order mode coupled to the octahedral tilts (gray bars in the
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upper panel of Figure 6.3). In most of the structures, this contribution is small and does not effect
the relative energetics of the phases. There are a few exceptions, namely structures exhibiting
Omc21 and P42;m symmetry. This appears to be driven by the magnitude of the apical anion
site displacements (4e), which makes sense as this will alter the bond lengths between Sc-O,;, and
Sc—F and thus the strength of their covalent interactions. In general, it appears that the larger the
apical anion site displacement, the larger the energetic gain.

In connecting this data back to Figure 6.2, we first note that the AE values obtained are
different. Data in Figure 6.3 shows the energy change from specific modes without spontaneous
lattice strains relative to an 14/mmme-like structure, whereas data in Figure 6.2 shows the energy of
the relaxed derivative structures relative to the relaxed anion ordered structures. The difference in
energy between the fully relaxed derivative structures (i.e., Figure 6.2) and the structures with only
primary mode contributions (i.e., Figure 6.3) are shown in the bottom panel of Figure 6.3. This
energy contains contributions from the aforementioned secondary modes, but is primarily composed
of contributions from strain and fully symmetric ionic displacements (i.e., those transforming at
ry).

The data in Figure 6.3 allows us to understand the connection between anion order and tilt
stabilization. It clarifies that the trend in tilt stabilization is consistent between the SroScOsF and
CagScO3F compounds, as intralayer anion ordering stabilizes the octahedral tilts the most in both
compounds. The difference in the relative energetics of these phases likely lies in the energy scales
and degree of rotations of the structures. In the SroScOsF phases, the octahedral tilts are smaller
and do not dominate the energetics, so competing factors have a much stronger effect on the overall
energetics. In contrast, the degree of octahedral tilting in CasScOgsF is much greater owing to the

small size of the A-site cation, thus the octahedral tilting dominates the relative energetics.
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Through this analysis, we also learn how the Cmc2; and Pna2; phases are stabilized from
terms in the Landau model (Equation 6.1). The homogeneous coupling constants («; and ;) of
Xgr are negative and are large in the case of CasScO3F, so they likely contribute the most towards
the stability of the polar phases. Interestingly, both the homogeneous coupling constants of O and
P are energetically unfavorable (positive). In both compounds, destabilization energy from P is
small. However in SroScOsF, the destabilization from O is similar in magnitude to X:.f , which
means additional, energetically favorable couplings are necessary to stabilize the polar phase. The
biquadratic coupling coefficients (y;) between O and X ; are energetically favorable, which also helps
stabilize the polar phase in SroScO3F. The coupling between X §L and P is also weakly energetically
favorable. (The coupling between O and P was not probed.) The trilinear term appears to also
further stabilize the phase as the hard mode, P (I'; ), softens when the two primary modes O and
Xgr condense (Appendix C). Now that we understand a significant factor in the stabilization of
the polar phases in SroScO3F comes from the coupling of O and X5, we examine the origin of the

stabilization and quantify it.

6.3.3 Polar Displacements Stabilize Octahedral Tilts

In a typical homoanionic perovskite-derived material such as a transition metal oxide, sterics [240,
329] and covalent interactions [330-332] are known to drive rotations and tilts. Furthermore,
octahedral tilts can compete with or facilitate local off-centering of cations due to the PJT effect
[333,334]. Because CayScOsF and SraScOsF are heteroanionic, we should also consider the role of
the ligand electrostatic interactions (O?~ versus F~) on the octahedral tilt stability in the presence

of steric, covalent, and cation off-centering.
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TABLE 6.2: Dipole-dipole (DD) and short-range (SR) contributions to the total (tot) change in
energy in SroScO3F structures with tilts relative to the anion ordered structures. All values are in
meV.

Abm2 Pbem Pnma Cmce2y Pdsem  P42ym Pna2;

AEt  -22.5 - =313 -28.3 -22.6 -23.4 -32.0
AEpp -0.9 - 5.6 -4.8 -1.2 -5.3 5.6
AEsgp  -21.6 - -36.9 -23.5 -21.5 -18.1 -37.6

To determine which interaction drives the octahedral tilts, we decompose the energy stabiliza-
tion into its dipole-dipole (electrostatic) and short-range contributions. The short-range contri-
bution is essentially a catch-all term and encompasses all contributions which are not dipolar in
nature, such as steric and covalent interactions [322,335]. We analyze the octahedral tilts modes
relative to their relaxed anion ordered structures. Because this method is based on calculating
the energetics from harmonic force constants, we use displacements normalized to 0.25 A, which
is why their energy differences do not match those exactly in Figure 6.2. The separation of these
contributions is shown in Table 6.2 and Table 6.3 for SroScOsF and CasScOsF, respectively. The
polar PJT distortions in BaTiOg are driven by dipole-dipole interactions which are nearly fully
compensated by the short-range contribution [336]. Octahedral tilts are similarly driven by the
PJT effect [330-332], so we may expect similar results here. However we instead observe that
the short-range contribution is the major driving force for the octahedral tilts. The dipole-dipole
interactions either de-stabilize the octahedral tilts or stabilize them only by a small amount. The
only exception to this is the Cmc2; and P42;m structures of SroScO3F, in which the electrostatic
contribution is about 20% of the total stabilization.

For comparison, this procedure was repeated for the X; (0,m1) mode in the homoanionic pro-
totypical n = 1 RP SraSnOy4 (Appendix C). In this oxide, tilts driven by either ligand electrostatic

effects or covalent interactions through the PJT are unlikely as all ligands are equivalent and the d
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TABLE 6.3: Dipole-dipole (DD) and short-range (SR) contributions to the total (tot) change in
energy in CasScO3F structures with tilts relative to the anion ordered structures. All values are in
meV.

Abm2 Pbem Pnma Cmce2y Pdsem  P42ym Pna2;
AEi;  -44.9 -484  -54.6 -51.3 -56.1 -56.8
AEpp 2.3 11.3 8.1 9.8 -1.5 9.3 -
AEsg 472 -59.7  -62.7 -61.1 -54.6 -66.1

orbitals are all occupied [330]. Nonetheless, the homoanionic case is very similar to the heteoran-
ionic results as the short-range interaction stabilizes the tilt distortion more than the dipole-dipole
interactions and these electrostatic interactions in fact act to destabilize the octahedral tilts. Al-
though there should be no contribution from covalent interactions in the form of mixing ground and
excited state wavefunctions, this approach does not allow us to fully disentangle the covalent inter-
actions from steric interactions in the heteroanionic case. The covalent interaction would simply
further stabilize the distortion through the short-range component. Therefore, from this data we
can only conclude that electrostatic interactions do not drive the tilts in heteoranionic materials.
Aside from the charge difference from the anion substitution, the other major structural dis-
tinction from the prototypical homoanionic case is the local off-centering of Sc within the [ScO5F]3~
octahedra from the anionic substitution. (Note that this is accompanied by additional displace-
ments of the A-site cations and equatorial anions). To clarify the role of the Sc displacement
on the stability of the octahedral tilts, we freeze in rotations of varying amplitude into both the
prototypical I4/mmm structure with and without the Sc displacements under the imposed anion
order and calculate the relative energy changes (Figure 6.4). The rotations are standardized to
Xgr (m,m) and use the eigenvectors obtained from phonon calculations on a theoretical homoan-
ionic analogue, CasTiO4. The magnitudes of the local displacements match those in the relaxed

anion-ordered structures. For SroScOsF, the magnitudes of the local displacements are 0.23, 0.16,
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FIGURE 6.4: Energetics of (a)-(c) SraScOsF and (d)-(f) CaxScOsF with octahedral tilts in the
presence and absence of Sc displacements due to the heteroleptic [ScO5F]®~ octahedron. The circles
represent the prototypical I4/mmm structure and the squares represent the I4/mmm structure
with the Sc displacements from the given composition and anion order. (a) and (d) have polar
anion order, (b) and (e) have antipolar interlayer order, and (c) and (f) have antipolar intralayer
order.

and 0.21 A for the polar, interlayer, and intralayer anion orders, respectively. For CasScOsF, the
magnitudes of the local displacements are 0.23, 0.10, and 0.21 A for the polar, interlayer, and
intralayer anion orders, respectively.

We find that within each composition, the magnitude of the Sc displacements increases the
stability of the octahedral tilts (Figure 6.4). In all cases, the octahedral tilts are more stable in
structures with local displacements (squares, darker lines) than in the structures without the Sc
off-centering displacements (circles, lighter lines). The difference in energy minima between the
SroScO3F structures with and without the displacements are -73.3, -31.7, and -58.1 meV in the

polar, antipolar interlayer, and antipolar intralayer structures, respectively, which scales with the
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size of the Sc displacement used in each anion order. Likewise, the energy differences for CaoScOsF
are -170.5, -49.1, and -119.5 meV in the polar, antipolar interlayer, and antipolar intralayer, respec-
tively.

We repeat this experiment with the all-oxide analogue, CasTiOy4 to show that this effect is not
unique to heteroanionic materials. Although Ti** is PJT active, phonon calculations on I4/mmm
CayTiO4 reveal that the PJT distortion occurs along the in-plane direction [337]. The layered
structure removes a driving force for out-of-plane polar distortions of the Ti** [338]. However,
upon coupling the out-of-plane polar displacements to the octahedral tilts, we find the stabilization
of the octahedral tilts in the structure (Appendix C). The differences between the minimum energies
of the structures with and without local Ti displacements are -15.2, -25.5, and -38.5 meV for the
homoanionic polar, interlayer, and intralayer displacement patterns, respectively. The stability of
these variants differs from the heteroanionic case because the magnitude of the Ti displacements
used in CapTiOy are equivalent (0.18 A). These trends indicate that anion order, or the pattern
of out-of-plane polar displacements resulting from the anion order, have an influence on the tilt
stability. However, the magnitude of the B-site displacement appears to have a much stronger
affect on the tilt stability, based on Figure 6.4 and the results in the next section.

The origin of this effect lies in a relatively simple geometric argument: the combination of
octahedral tilts about an in-plane axis and static polar displacements in a transverse out-of plane
direction induces polar in-plane B-cation displacements through a PJT effect. This combination of
displacive modes is illustrated in Figure 6.5a-d, where the Sc—O and Sc—F bond lengths within the
xz plane of the [ScO5F]®~ octahedron are shown without and with the octahedral rotations and Sc
displacements. Without Sc displacements, the Sc-ligand bond lengths are all equal (Figure 6.5a)

and remain so with the octahedral tilt mode, X;’ , which involves equal but opposite directional
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FIGURE 6.5: (a-d) Illustrations of a [ScO5F]®~ octahedron showing how local polar displacements
and octahedral tilts induce in-plane polar distortions into it. Octahedron without (a) and with
(c) local polar displacements along the z axis. Corresponding structures with octahedral tilts are
shown without (b) and with (d) polar Sc displacements. (e) and (f) illustrate how an in-plane polar
displacement increases the Sc—O.q 7-bonding interactions between Sc d,, and O.q p. orbitals.
When Sc3* is in the center of the octahedra (e), the Sc-O bonds are equidistant and thus, the net
overlap between the m bonds is zero. When Sc?*t displaces along the z direction, the net overlap is
Nnon-zero.

displacements of the equatorial anions (O¢q) along the out-of-plane direction (Figure 6.5b). Because
the Sc displacement occurs along z to produce asymmetric apical Sc—O and Sc—F bond lengths
(Figure 6.5¢), the nominally rigid rotation removes the equivalence between the trans Sc-Oqq bonds
and causes the bond lengths to become unequal (Figure 6.5d). This asymmetry in the bond lengths
increases the covalency from dp orbital mixing due to the PJT effect (compare the orbital overap
in Figure 6.5e and f). This is the same effect that stabilizes the polar displacements in BaTiOs,

where the mixing of occupied anion p orbitals and unoccupied metal d orbitals close to the Fermi
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FIGURE 6.6: Comparison of the energetic stabilization of octahedral tilts from Sc displacements,
AE, to the increase in our covalency metric, A(—ICOHP,), from the same displacements. The
magnitude of the Sc displacement is listed next to each data point and the marker size is proportional
to the square of the magnitude of the Sc displacements.

level also occurs [305,312,339]. In this case, the enhanced covalency is mediated by the octahedral
tilting that occurs among the heteroleptic units shown in Figure 6.5e¢ and f. When Sc is in the
center of an octahedron, the positive orbital overlap of the Sc d,. and Oeq p. cancels the negative
overlap so the net overlap is zero. When the Sc is displaced in the z-direction, the net overlap is
non-zero.

The PJT effect is stronger when the states that are mixing are energetically close together.
We first examine the molecular orbital diagram and density of states (DOS) for the Sc displaced
structures to determine which interactions dominate. Since we substitute a F~ for an O?~, the
symmetry of the octahedra is no longer Oy, (or m3m in Hermann-Mauguin notation), which means
the d orbitals do not split into an e, doublet and a ta, triplet. The symmetry of the octahedra with
one substituted site is Cy, (4mm) and we derive the molecular orbital diagram in Appendix C,

which matches the crystal field splitting of similar [MO5X] octahedra [340-342]. The molecular
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orbital diagram predicts that the 3d orbitals (symmetry) from lowest to highest energy are ordered
day (b2), {dsz,dy.} (€), dy2_y2 (b1), and d.2 (a1), where the d, and d,, orbitals are degenerate. The
partial DOS for the anion ordered structures (Appendix C) supports this interpretation, although
the center of mass of the the dj, bands is at higher energy than that of the degenerate (d.,d,.)
orbitals, it does form the conduction band edge. For this reason, we consider only m-bonding
interactions of the anions with the d;, orbital. Additionally, because the apical F 2p and Ogp
states exhibit a; and b; symmetries, we do not consider the o-type Sc—F and Sc-O,;, interactions.
Thus, we only consider the following 7 Sc-O,q interactions in our analysis: dg,-p, or p, (dependent
upon which axis Ogq is located), dg.-p., and dy.-p..

To quantify these changes in chemical bonding, we integrate the —pCOHP of the relevant
m-bonding interactions (and obtain the —ICOHP) and take the difference between the Sc—Oeq
bonds along the same axes, i.e., bonds where are trans to one another, to obtain the net overlap
(—=ICOHP,¢t). The difference is taken because the COHP does not account for the positive or
negative phase of the orbital interactions. For consistency with the data in Figure 6.4, we also take
the difference between the net overlap of the structures with and without the Sc displacements to
obtain the increase in covalency due to the off centering and refer to it as A(—ICOHP et).

Figure 6.6 plots the energetic gain of the octahedral tilts with the Sc displacements (from
Figure 6.4) against this increase in covalency due to the Sc displacements, along with the magnitude
of the B-site displacement as the marker size. In general, the greater the increase in covalency,
the more stabilizing the octahedral tilts. This trend is not perfectly linear, which may be due
to missing secondary contribution to the overall change in energy or from A-site cations affecting
the covalency of the Sc—O bonds via an inductive effect that is unaccounted for. Another possible

missing energetic contribution is the change in covalency of the Sc-O,, m-interaction, as discussed
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earlier. The choice of A-site cation can also influence the covalency of the metal-anion bonds
by reducing their bond formation through A-site s or p states hybridizing the occupied metal
3d states [332] (or occupied 2p states, in our case). However this seems unlikely, as “covalency-
limiting” cations are generally those with large ionic size or high polarizability, and the largest
outlier in Figure 6.6 is from a CasScOsF interlayer phase, which has a smaller ionic size and lower
polarizability. We also plot the magnitude of the Sc displacements using the size of the data points.
In general, we also find an increase in the stability of the tilts (and, thus, the covalency) with the
size of the Sc displacements, which is understandable as the Sc-O.q bond lengths are dependent
on the magnitude of this displacement.

From these analyses, we conclude that the octahedral tilts are driven through short-range in-
teractions described by sterics or covalent interactions rather than electrostatic forces. The local
out-of-plane polar displacements induced by the anion order drive and further stabilize the octahe-
dral tilts through the PJT effect as the coupling of tilts and local polar distortions induces in-plane

polar displacements in the heteroleptic octahedra.

6.4 Conclusion

We have outlined a new mechanism for ferrolectricity in perovskite-derived heteroanionic mate-
rials, which we refer to as improper anion-order ferroelectricity. Anharmonic coupling between
intralayer antipolar anion ordering and octahedral tilts generates polar displacements through an-
tipolar displacement of O and F anions. We evaluated the feasibility of this mechanism through
DFT calculations on SroScOsF and CagScOsF and found that intralayer anion ordering may be
stabilized through large octahedral tilts. We also found that the driving force for octahedral tilts in

these oxyfluoride appear to be no different than the driving force in homoanionic materials—sterics
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and covalent interactions appear to drive octahedral tilting. We also found that out-of-plane local
polar displacements, driven by the anion substitution, further stabilize octahedral tilting through
the SOJT effect and the formation of unequal trans Sc-O¢q bonds. We showed that this sta-
bilization is due to covalent effects through a COHP analysis and found that the magnitude of
the B-site displacements serves as a useful descriptor for the relative stabilization effect of these
out-of-plane local polar displacements. The link uncovered here between local polar displacements
and octahedral tilts or rotations is intriguing and could have promising applications in multiferroic
heteroanionic materials [343], as magnetic interactions could be tuned by rotations of the octahe-
dra, which could be controlled through the magnitude of the transition metal cation displacements.
We hope that these results spur interest in experimental synthesis and investigations into RP-type

heteroanionic materials and anion order in complex transition metal compounds.
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Chapter 7: Exploring the Phase
Space of Epitaxially Strained n = 2
Ruddlesden-Popper Oxyfluorides

7.1 Introduction

Research into n = 2 Ruddlesden-Popper (RP) transition metal oxides surged after anharmonic mul-
timode coupling of octahedral rotation, octahedral tilt, and polar modes was proposed as a method
of inducing polarization into A3B20O7 compounds [272]. This was particularly attractive because
this mechanism does not rely on the chemistry of the B-site, as is the second-order Jahn-Teller
driven ferroelectric such as BaTiOs. This discovery led to many predictions of novel ferroelectrics,
although this hybrid improper ferroelectric mechanism has been only recently experimentally con-
firmed in a handful of compounds, including (Ca,Sr)3TizO7 single crystals [308], (Sr,Ca)3SnaO7,
Sr3ZroO7 [344-346], (Cag.g9Sro.46Tb1.g5FeaOr) [347], and Cag(Ti,Mn)207 [348]. To broaden the
search for polar structures, approaches such as epitaxial-strain stabilization and cation engineer-
ing [273,347] were investigated as a method of tuning octahedral rotations and tilts to break the
inversion symmetry of nominally centrosymmetric structures. Epitaxial strain was found to be an
effective method for stabilizing ferroelectric phases from nonpolar dielectrics and tuning electronic

polarizations, Curie temperatures, and ferroelectric switching barriers [349,350]. Recent work has
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also uncovered an unexpected polar-to-nonpolar phase transition driven by epitaxial strain, sug-
gesting that relatively trivial anhamonicities may have a significant effect on strain-polarization
coupling [351].

In heteroanionic materials, exploring strain-lattice coupling relationships is just beginning.
More progress has been made in oxynitride materials, as thin film growth of stoichiometric oxyfluo-
rides is difficult due to the toxicity of Fy gas (although recent progress has been made in the fluori-
nation of phases with ordered oxygen vacancies [83,161,171,352]). In perovskite oxynitrides, small
domains of thin film SrTaO2N were found to exhibit ferroelectricity due to their trans-[TaO4Ns]
anion order [277]. Later work confirmed that these trans-type anion orders were stabilized through
compressive strain [166]. Computational investigations into perovskite oxynitrides has also sug-
gested that polar oxynitrides can be stabilized through epitaxial strain due to the stabilization
of trans anion orders [264,353]. Recent work has also confirmed that n = 2 Ruddlesden-Popper
oxynitrides, specifically CazNbaN2Os, can adopt similar polar structures with a~a~¢™ octahedral
rotations found in oxide analogues [76].

In this chapter, I investigate the lattice dynamics of n = 2 Ruddlesden-Popper oxyfluorides
and explore their phase space with epitaxial strain using first principles calculations. I begin with
BagInyO5F9, as it its one of the only synthesized n = 2 RP oxyfluorides [354], and then investigate
Sr3lnaOsF9, as its reduced A-site cation size should favor larger amplitude rotations and tilts in the
structure. I first present the results of phonon and epitaxial strain calculations for these compounds

separately, and then I discuss them in the context of homoanionic materials.
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7.2 Methods

All calculations were performed using density functional theory (DFT) with projector augmented-
wave (PAW) potentials [87] and PBEsol [62] as implemented in the Vienna Ab initio Simulation
Package (VASP) [43,44]. The valence electron configurations were as follows: 5s25p56s2 for Ba,
4524p55s2 for Sr, 5525pt for In, 25%2p* for O, and 25%2p° for F. For structural relaxations, I used a
plane-wave cutoff of 650 eV and 5x5x1 Monkhorst-Pack k-point mesh [79]. Structural relaxations
were complete when the forces on each ion were less than 1meV A~! and stresses were less than
10 MPa along each crystal axis. Metastable and ground state structures were derived from phonon
calculations, which used Phonopy [286] to setup the finite-displacement calculations and for post-
processing. Force constants were computed using the frozen phonon method on 2x2x2 supercells
with a higher plane-wave cutoff of 750 eV to ensure accurate forces.

Once derivative structures were identified, I examined the stability of the phases with epitaxial
strain. To simulate strain on a cubic [001] perovskite substrate, the in-plane a and b lattice pa-
rameters are fixed while the out-of-plane c-axis and all ionic positions are allowed to relax. I relax
in 1% and 2% increments between -4% and 4% strain, with the reference lattice parameter being
the a = b lattice parameters of the fully relaxed I4/mmm structure of each compound (4.19 A and

4.08 A for BagInyOsFy and Sr3IngOsFs, respectively).
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FIGURE 7.1: The (a) atomic structure and corresponding (b) phonon dispersion of the conventional
cell of BagInaO5Fs.

7.3 Results

7.3.1 BagIn205F2

BagIlnoOsFo, whose structure is shown in Figure 7.1, is a known oxyfluoride that can be synthesized
through a solid state method [354]. It has a distorted n = 2 RP structure with 74/mmm symmetry
and ordered anions, which drive the characteristic second-order Jahn-Teller distortions of the In®*
ions towards the oxide ion in the [InO5F] heteroleptic octahedra. Because of its ordered anions, it is
a good candidate for a DF'T-based computational study. I first calculate its phonon dispersion across
the whole Brillouin zone to determine which derivative phases maintaining octahedral connectivity
may exist. These structures are then used to initialize structure relaxations to search for the 0 K
ground state structure.

As shown in Figure 7.1b, there are only a few unstable modes in this compound: two pairs of
degenerate modes at X (k = (0.5, 0.5, 0) in the conventional basis) at 65i and 53i cm™! and four

degenerate modes at P (k = (0.5, 0.5, 0.5) in the conventional basis) at 60i cm~!. All these modes
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primarily consist of octahedral rotations with different rotation patterns. In Glazer notation [114],
all modes have a~b°" tilt patterns within their perovskite layers. The difference between the
mode dispalcements is the axis of rotation and the sense (i.e. clockwise vs counterclockwise) of
the rotation in adjacent (or further) perovskite layers. In the X modes, the adjacent layers have
ba~c tilt patterns, relative to the first layer (i.e., the adjacent perovskite layers have the same
degree of tilting about the orthogonal in-plane axis). The difference between the degenerate pairs
is in the sense of the rotation, which is opposite in one layer and produces structures of symmetry
P4y /mnm and P4s/mem. The degenerate P modes double the unit cell along the ¢ axis with every
other perovskite layer having opposite sense, producing structures with symmetry I42m.

I enumerate all possible combinations of these modes, condense them into structures, and relax
them to obtain their ground state total energies. I then compare the energetics of these structures
and find that the lowest energy structure is P4y /mnm, whose energy difference is -30 meV relative
to the I4/mmm structure. Homoanionic compounds that adopt this P4s/mnm structure typically
have two different A- or B-site cations [355-364], except in the case of BasZraSy [365]. I also
compute its phonons and find that it is dynamically stable, so it is the ground state structure.
The energy difference suggests a phase transition from the P4y/mnm to I4/mmm phase should
take place around 348 K, however investigations of the structure at room temperature show it is
I4/mmm [354]. T predict that the compound should show a phase transition to the P4s/mnm
phase somewhere between room and liquid nitrogen (77 K) temperature.

Next, I explore the phase space of BaglnoOsF9 with epitaxial strain. In addition to the phases
mentioned previously (P4s/mnm, P4s/mcem, and 142m), T also consider Cmem, Tbam, and Cmma

symmetries, as they can be condensed by combining instabilities found in the phonon calculations.
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FIGURE 7.2: Total energy evolution with epitaxial strain for BagInoOsF9 polymorphs. The dotted
lines delineate regions of stability for each polymorph of BagIn,O5Fs5.

Like those phases discussed previously, these phases are also primarily composed of different pat-
terns of in-phase octahedral tilts. The C'mem structure exhibits the a~a~c? octahedral rotation
patterns in its perovskite layers, the C'mma structure has the same rotation as C'mem with one
layer having rotations of the opposite sense, and the Ibam structure doubles the size of the unit cell
by stacking a cell with a~a~c/a~a~c" tilt pattern on top of another unit cell with a~a=c’/a~a~c"
tilts in the opposite sense.

The evolution in the total energy of BaglnsO5F9 polymorphs as a function of strain is shown in
Figure 7.2. Under tensile strain, the ground state structure, P4s/mnm, is the most stable phase.
Under compressive strain, the P4y /mnm structure is the most stable phase until between -1% and
-2% strain, where the stability changes to the Cmcm structure, which is maintained under further

compressive strain, up to -4%. This is consistent with observations in perovskite oxides, which show
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FIGURE 7.3: The phonon dispersions of the primitive cell of SrzInaO5Fs with LO/TO splitting.
increase octahedral tilting under compressive strain [366,367]. This also can be explained by the
Cmem structure containing octahedral tilts about both in-plane axes within each perovskite layer.
Assuming rigid octahedra, octahedral tilting would be compatible with a smaller unit cell size.
Although P45/mnm also contains octahedral tilting, it only has in-plane tilts in each perovskite
layer. Tilting about two, orthogonal in-plane axes would likely accommodate a smaller ab lattice

parameters.

7.3.2 SI‘31H205F2

Next, I explore the phase space of SrglnoOsF9 and try to find its ground state structure. The
phonon dispersions of the primitive cell of SrglnoOsFs are shown in Figure 7.3, whose unstable
bands are more complex than those in BaglnaOsFy. Although there are more unstable bands, the

mode representations are still rather similar to those in BagInaOsF9; the modes largely contain
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FIGURE 7.4: Atomic structures of the metastable phases, Cmc2; (a) and Pnma (b), and ground
state phase, P2;/c (c), of Sr3InaO5Fs.

octahedral tilts about the in-plane axes (either about the central Sc ion or the central Oy, ion in
the perovskite layers) with additional modes that induce octahedral shearing of the apical Oy, or
F ions. The a®a’ct tilting distortion, which is commonly unstable in homoanionic materials, is
stable in Sr3InoO5Fs.

Because there are too many unstable modes to condense and enumerate all possible structures,
I combine the modes below 100i cm ™!, relax the structures, and calculate the phonons of the lowest
energy phase. I repeat this procedure until I find the lowest energy, dynamically stable structure

which T identify as the ground state structure. A few of these metastable phases are shown in
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Figure 7.4a,b. One structure is a direct analogue to a phase observed in homoanionic n = 2
RPs. The Cme2; structure has the ubiquitous a~a~ ¢’ rotation pattern that induces polarity into
the structure and has a relative energy of —700.8 meV per formula unit compared to the I4/mmm
phase. The Pnma phase has a relative energy of —695.6 meV per formula unit and also exhibits the
a~a~cT rotation pattern within its perovskite layers, however one of these in-plane rotations has the
opposite sense compared to the C'mc2; phase (see the top perovskite layers of Figure 7.4a,b), which
makes the A-site displacements antipolar and keeps the structure centrosymmetric. Interestingly, in
homoanionic materials a centrosymmetric structure with Pben symmetry is typically observed [346],
which has a a”a~ ¢~ rotation pattern in its perovskite layers. In SrglnsOzF9, the Pbcn structure
was about 50 meV higher in energy than Pnma.

It is interesting to note that in contrast to the homoanionic analogue, the primary order param-
eters that drive the phase transition to Cmc2; from the I4/mmm parent phase in SrglnaO5F5 are
the octahedral tilts, X5, and the polar distortion, I';. The C'mc2; phase, relative to the I4/mmm
phase, is composed of three modes. The aforementioned X; and I'y; modes, and the octahedral
rotation mode, X; , which induces aa’ct octahedral rotations into the structure. In many oxide
n = 2 RP compounds [272,346,351,368], the C'mc2; phase is stabilized by the condensation of the
soft octahedral tilt and rotation modes and the trilinear coupling term, which decreases the overall
energy of the child phase C'mc2; through the coupling of all three order parameters. However, the
primary modes driving the phase transition are the soft (energetically favorable) octahedral tilts
and rotations, X5 and X; , as the remaining polar mode is hard or energetically unfavorable. In
Sr3IngO5F, X is always stable while X5 and I'; are unstable making them the primary ordering
parameters for the Cmc2; phase and distinct from the homoanionic case.

The ground state structure with symmetry P2;/c is shown in Figure 7.4c, which has a relative
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FIGURE 7.5: (a) Total energy evolution with epitaxial strain for SrszIn,OsFy polymorphs. The
dotted lines delineate regions of stability for each polymorph of Sr3In,O5Fs. The atomic structures
of the P1 (b) and P1 (c) polymorphs of Sr3InsO5F5.

energy of —730.0meV per formula unit. It is primarily composed of a~a~c? octahedral tilts (X3 )
and a condensation of the A2 mode [k = (0.25,0.25,0.5) in the conventional cell]. The A2 mode
(shown in Appendix D) is composed of antipolar displacements of In, F, and Sr ions along the a-
axis, a slight in-phase octahedral rotation, and a transverse, wave-like modulation of the equatorial
O ions. This modulation occurs along the ¢ axis, but the ions displace along the a-axis and
significantly distort the [InO5F] octahedra.

Using these relaxed structures and the ten lowest energy phases I observed (see Appendix D), I
now explore the phase space of Sr3lnsOsF9 with epitaxial strain. Figure 7.5 shows the evolution of
the total energy as a function of epitaxial strain. The P2;/c ground state structure is stable from
about -1% to about 3% strain. Under tensile strain, the homoanionic analogue phases with a~a~c™

rotations, Pnma and Cmc21, are stabilized. The Cmc2; phase is stable from 3.0% to 3.3% strain,
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while the Pnma phase is stable at least until 4% strain, which was the largest strain value examined.
In homoanionic perovskite and perovskite-derivative compounds, compressive strain will typically
induce out-of-plane octahedral rotations (i.e. a’a’c~ or a%a%c*t) into the structure [350, 366-368],
so it may seem counterintuitive to observe structures with out-of-plane rotations under tensile
strain. However, because the competing phases contain complex distortions including wave-like
modulations and octahedral shearing, compressive strain may favor these highly distorted phases
over those with only octahedral rotations and tilts. Indeed, if I plot the angles of the octahedral
tilts and rotations with tensile strain (Figure 7.6), the trends are consistent with previous studies,
i.e., with increasing tensile strain, the rotations decrease and the tilts increase. I note that this
trend is qualitatively observed in the phase transitions that occur in SrglnsOsF9 under compressive
strain, but because those structures have highly distorted octahedra, quantitative measurements
of the out-of-plane and in-plane octahedral rotations were difficult to directly compare compounds
with more rigid octahedra.

Under compressive strain, the triclinic phase P1 is stabilized at -1.1% and P1 at -2.7% to -4%.
The phases are shown in Figure 7.5b,c and their mode decomposition are in Appendix D. The
transition from the P2;/c structure to the P1 structure condenses many modes but the largest
distortions are due to the X; mode, which produces out-of-phase octahedral rotation, and the Al
mode, which is a transverse, wave-like distortion of the apical fluorides whose direction is along the
b axis and with displacements of F along the ¢ axis. The primary difference between the P1 and
P1 phase comes from the condensation of a F; mode, which is a polar displacement of the In ions

along the a-axis.
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FIGURE 7.6: Octahedral tilt (top) and rotation (bottom) angles as a function of strain for
Sr3InyO5Fo polymorphs.

7.4 Discussion

Previous research has indicated that decreasing the size fo the A-site cation (or decreasing the
tolerance factor) can induce further octahedral tilts and rotations into the structure [347]. In
terms of the tolerance factor modified for RP compounds [369], this reduces the tolerance factor
from 0.905 to 0.855 for the Ba and Sr compounds, respectively. Based on trends in homoanionic
materials, I expect that the ground state structures with lower tolerance factors should exhibit in-
phase octahedral tilts and either in-phase or out-of-phase octahedral rotations, generating structures
with either C'mc2; or Pben symmetry. In BagIngOsFy and SrgInaO5F», I instead observe P4y /mnm
and P2;/c ground state symmetries. The structure of BagIngOsF9 is commonly seen in n = 2 RP

compounds which have two species of A site cation, however, to my knowledge the structure of
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Sr3Ins OsF5 is unique.

The instability of the typically observed structures Cmc2; and Pbcn phases can be explained
as a result of the fluorine substitution on the apical site. In Chapter 6 I established that out-of-
plane polar distortions within octahedra will stabilize octahedral tilts about an in-plane direction,
likely resulting in enhanced tilting in BagInoOgF9 and Sr3IneOsF9 compared to their homoanionic
analgoues. Recent research has indicated that a large octahedral tilt may suppress octahedral
rotations and vice versa [350]. This can be explained pheonomenologically by the cross term between
octahedral rotations (whose amplitude is represented by R) and tilts (T') in the free energy, v1? R?
(see Chapter 6 for the full free energy expansion). For fixed values of T, this term renormalizes the
coefficient of the T2 term, aT? as (a +~T?). Hence, when T? > —a/v, the rotation instability is
suppressed and it becomes energetically favorable to have no rotations.

The ground state structure of Sr3InsOsF9 is more mysterious, as this derivative structure has
not been observed in any known n = 2 RP compounds. The most unique feature of this structure
is the transverse, wave-like modulation of the equatorial oxides, induced by the condensation of the
A2 mode. This feature is reminiscent other oxyfluorides, such as K3TiOF5, an incommensurate
structure with many of these wave-like modulations [370], and A3sMoO3F3 (A = K, Rb), which has
an extremely large unit cell with non-cooperative octahedral tilts [371]. These compounds suggest
that complex distortions with wave-like atomic displacements or polyhedral precessions may be
relatively common within oxyfluoride materials. Further research is necessary to understand the
origin of these distortions.

The structural evolutions observed in BaglnoO5F9 and Srglno,OsF5 with epitaxial strain appear

to be largely consistent with the trends observed in perovskite and perovskite-derived homoanionic
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materials. Tensile strain increases octahedral tilt while compressive strain favors octahedral rota-
tions. However, the origin of the stabilization of triclinic phases in Sr3InoOsF9 under compressive

strain is still under investigation.
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Chapter 8: Investigating
Insulator-Metal Transitions in Anion

Disordered and Ordered TiOF

8.1 Introduction

This thesis has thus far focused heavily on ferroelectricity. I now turn to electronic properties
through an investigation of TiOF. Recently, a computational study of rutile-structured MoON was
published which predicted a MIT in the anion ordered oxynitride MoON [372]. Through anion
engineering principles, the MIT was designed and aided by fac configured [MoO3N3] octahedra
and a d' band filling of Mo®*. Within oxyfluoride materials, TiOF, a rutile-type oxyfluoride with
d! Ti3* and disordered anions has been synthesized [373,374]. Magnetic measurements indicated
it is paramagnetic down to 5K and diffuse scattering suggest local cis- or fac-ordering of the
octahedra [374]. However, transport measurements were not feasible due to the small size of the
single crystals.

TiOF is therefore an excellent candidate for a computational investigation of how local atomic
structure alters the electronic properties. In constructing a useful model, however, an accurate
description of the anion disordered structure is also necessary. I choose to use a virtual crystal ap-

proximation (VCA) to simulate the 50/50 O/F mixed occupancy on the anion sites within density
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functional theory (DFT) calculations [375-377]. Unlike the quasi-random structure models [378],
where the anion disorder is modeled by appropriately decorating a large supercell, the VCAs sim-
ulates a mixed occupancy site by creating a virtual ion which is the interpolation between the
component ions of the mixed site. VCAs have been evaluated and used to simulate heterovalent
cation substitution in complex oxide materials [379,380], but have been rarely used for anion substi-
tution [265,381]. Because oxygen and fluorine have similar bonding character to transition metals,
I propose to use a 50/50 O/F VCA for the disordered model.

I investigate the ground state and electronics structures of the disordered and ordered variants
of TiOF to predict if a thermally driven metal-insulator transition may occur. In the disordered
case, | determine the ground state structure by calculating the phonon dispersions with the VCA
and then assessing any dynamical instabilities. These modes are then frozen-in and relaxed, from
which the lowest energy structure is determined to be the ground state. In the anion ordered case,
I decorate supercells of TiOF with an appropriate statistical distribution of O and F sites, relax
these anion ordered structures, and choose the lowest energy anion ordered configuration. Once
we’ve obtained the lowest energy anion disordered structure and the lowest energy anion ordered

configurations of TiOF, I calculate their electronic structures and compare and contrast the results.

8.2 Methods

Density functional theory (DFT) calculations are used to investigate the structure dynamics and
electronic structure of both the anion ordered and anion disordered variants of TiOF. DFT calcula-
tions are preformed using the projector-augmented wave (PAW) formalism [87,91] as implemented
in the Vienna Ab initio Simulation Package (VASP) [43,44] within the generalized gradient ap-

proximation (GGA) of Perdew-Burke-Ernzerhof (PBE) for densely packed solids (PBEsol) [62], as
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recommended for oxyfluorides [253]. For all calculations, total energies were converged to 10™8eV.
In all structural relaxations, forces on the ions were converged to within 1meV A~ and lattice
stresses to below 0.1kbar. Non-spin polarized calculations were used as TiOF is expected to be
paramagnetic down to low temperature [374].

For the anion disordered (primitive) cell, a virtual crystal approximation (VCA) was used to
model the 50/50 O/F anion sites of the experimental structure of TiOF. The VCA was implemented
using the built-in tools in VASP, which uses the formulation devised by Belliache and coworkers
[376]. For the disordered cell, a 650 eV plane-wave cutoff was used, and k-space integrations were
preformed on a 7x7x7 Monkhorst-Pack mesh [79] with Methfessel-Paxton smearing (150 meV
width) for Brillouin zone integrations.

For the anion ordered configurations, supercells of the size 1x2x1, 1x1x2, 1x2x2, and 2x2x1
were used to generate anion ordered configurations of TiOF. The anion ordered structures were
generated using SOCCR [192] which generates all symmetry unique anion configurations (excluding
those with P1 symmetry). Only the structures with fac-[TiO3F3] octahedral units are examined
herein. For the ordered cell, a 650eV plane-wave cutoff was also used, and k-space integrations
were preformed on a appropriate Monkhorst-Pack mesh [79] (i.e., 7x4x7 for a 1x2x2 supercell)
with Methfessel-Paxton smearing (150 meV width) for Brillouin zone integrations.

A dense 13x13x13 Monkhorst-Pack mesh was used for density of states (DOS) calculations on
the primitive cell (with appropriate scaling for the supercells) to ensure adequate sampling of the
Brillouin zone. Dynamical stability was evaluated using the frozen phonon method as implemented
by PHONOPY [286]. Some adjustment to the PHONOPY source code was needed to take into
account the VCA, e.g. a virtual atom with interpolated atomic mass (further details can be found

in Appendix E. Additionally, for PHONOPY to correctly interpret the forces on the ions, the forces
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on the virtual “ghost” ions (i.e. 50% O and 50% F) must be summed prior to post-processing with
PHONOPY. The frozen phonon method was also used to determine the forces on the ions and

generate the dynamical matrices with finite displacements of 0.02 A.

8.3 Results and Discussion

8.3.1 Modeling Anion Disordered TiOF using a VCA

TABLE 8.1: Comparison of the experimental and DFT relaxed lattice parameters of the rutile
(P43/mnm) anion disordered TiOF.

a=>b(A) ¢ (A) volume (A3)
Experimental structure (90K) [374] 4.653 3.014 65.254
DFT relaxed 4.645 3.009 64.922

I first discuss the results of the anion disordered structure calculations which used a VCA to
approximate the 50/50 O/F mixed occupancy sites. The lattice parameters of the DFT relaxed
structure, shown in Figure 8.2a, are remarkably similar to the experimental TiOF cell (Table 8.1).
As expected with PBEsol, the lattice is slightly overbonded however the error in the lattice pa-
rameters is around 0.17 % (volume 0.50 %), which is much less than the error of ~2 % often found
in other anion ordered oxyfluorides [253]. The remarkable similarity in the experimental and DFT
VCA relaxed lattice parameters of disordered systems has been seen before with oxynitrides [382],
so this is not unexpected. Although the similarity in lattice parameters does not validate the VCA
model, it provides some assurance that the lattice dynamics and bonding of the mixed occupancy
anion sites are grossly modeled appropriately.

To investigate the possibility of structural symmetry breaking in rutile TiOF, I first evaluate

the dynamical stability of the rutile, anion disordered TiOF. The phonon dispersions of the rutile
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FIGURE 8.1: Phonon dispersions of rutile, anion disordered TiOF with the VCA

structure with the VCA are shown in Figure 8.1. I find three instabilities in this structure: two
degenerate modes at R [k = (0, 0.5, 0.5), irrep R; ] and one minimum at k& = (0.26, 0.26, 0.5),
between the high symmetry k-points A and Z [k = (0.5, 0.5, 0.5) and (0, 0, 0.5), respectively].
The instability at R is expected as this instability is also observed in phonon calculations of d'
VO3 and is (at least partially) attributed to the origin of the MIT in the oxide [383,384]. Indeed,
I find that the structure modulated with the unstable R mode shows many similar characteristics
to the displacements observed in the MIT of VOs, such as dimerization of the Ti ions and zig-
zagging of the Ti along the chains of octahedra parallel to the c-axis. However, the structures has a
symmetry of P2;/m, which is slightly lower than the insulating phase of VOg (P21/c¢). I also note
that I am able to achieve softening at the R point without additional strong correlation effects (i.e.
without the addition of a Hubbard U) which, to my knowledge, is not possible in VOg [385]. The
band with a minimum at k£ = (0.26, 0.26, 0.5) produces an incommensurate-like structure (shown
in Appendix E). The largest displacements are octahedral shearing in (110) plane of [TiO3F3]

octahedra and slight dimerization of Ti ions.
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FIGURE 8.2: Atomic and electronic structures of the rutile and monoclinic phases of anion disor-
dered TiOF. Relaxed anion disordered rutile P4,/mnm (a) and monoclinic P2;/c (b) structures
of TiOF. The corresponding DOS of the rutile (¢) and monoclinic (d) phases of TiOF. The gray
shaded portion is the total DOS and the Fermi level is at 0eV.

I confirm the degenerate R; modes are generate a more stable structure than the incommen-
surate mode (Appendix E) and so proceed with relaxing the P2;/m structure. Upon relaxation,
the structure relaxes to a monoclinic (M1) P2;/c space group (Figure 8.2b), which identical in
symmetry to the low temperature structure of VOo. Additionally, the M1 phase of TiOF, like the
M1 phase of VOs, also exhibits dimerization of the cations (3.01 A in rutile and 2.74 and 3.267 A
in M1) and alternating displacements of the cations perpendicular to the direction of the edge-
sharing chains. The difference in energy between the R and M1 phases is 59.4meV per formula

unit (~ 689.3K).
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The electronic structures of the R and M1 phases obtained from the VCA are shown in Fig-
ure 8.2c,d. The R phase is metallic, which agrees experiment as the synthesized samples are black
(or extremely dark) in color [373,374] The electronic structure of rutile TiOF appears very similar
to that of VOg [386], where octahedral crystal field splitting (t24-€4) is further split due to the
elongation of the [TiOFg] octahedra along the [001] direction. The e, orbitals are split into two d,
orbitals and the three t94 orbitals are split into two d, orbitals, which mix with anion 2p, states,
and a d| orbital [383]. In the rutile structure, the antibonding 7* overlaps with the dj| states. I also
note that because I am using a VCA, the O p and F p orbitals are fully “hybridized,” rather than
the F p states appearing lower in energy as a narrow band below the O p states, which is typically
expected in oxyfluorides [27].

The electronic structure of the M1 phase appears to be very similar to the M1 phase of VOq
[383,386]. In VOg, the monoclinic phase splits the d bond through boding between the V-V
pairs while simultaneously destabilizing the 7* orbital to obtain an insulating phase [383]. The M1
phase of TiOF shows splitting of the d|| orbital, however it still appears to be metallic with no gap
opening. Because the gap is nearly open, I asses whether strong correlations (i.e. +U) will open
an insulating gap in the M1 phase.

Previous research has recommended a Hubbard U values ranging from 2-7 eV for Ti3* with 2-
3 eV found to be the best when studying catalytic systems as it accurately models both the electronic
structure and energetics of catalytic reactions [387,388]. Because the compound is already very
close to forming a gap, I relax the M1 phase of TiOF with a Hubbard U = 1eV and 2V to capture
enhanced Coulomb interactions in a Ti*T compounds (Figure 8.3). Even with a small amount of
correlation, a very small gap of 10meV forms when U = 1eV and a larger gap of 280 meV opens

when U = 2eV. When a Hubbard U is added to the M1 phase without a structural relaxation, no
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F1GURE 8.3: Density of states of the monoclinic phases of TiOF with varying Hubbard U. The
gray shaded portion is the total DOS.

gap is formed when U = 1eV and a gap of 180 meV opens when U = 2eV.

In rutiles with d' transition metals, the axial ratio c¢/a has been linked to the structural
instability that triggers the MIT [384]. In general, undistorted rutile compounds have a ¢/a ratio
greater than 0.625 and distorted rutile compounds are less than 0.625. The axial ratio of the
undistorted rutile MIT materials VOy and NbOy are both close to this critical value and the
difference between the c/a ratios of the distorted and undistorted rutile structures are relatively
small, suggesting that there is an inherent structural instability that causes a transition between the
two structures. The ¢/a axial ratios of the rutile and monoclinic TiOF (as specified in Ref. [384]) are
0.648 and 0.571, respectively, crossing the structure stability boundary. However, the difference in
the axial ratios between the two structures is quite large in comparison to the rutile and monoclinic
axial ratios of VO (0.626 and 0.635, respectively) and NbOg (0.626 and 0.618, respectively). In
MoON, the fac-ordering of the octahedra enables an axial ratio that is close to the critical rutile

structural stability ratio (¢/a = 0.609) while alternative anion orders give ratios <0.590 [372].
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Because the difference in the axial ratios of the phases are large and the rutile value is quite far
from the critical ratio, the MIT may not be present in TiOF.

These results suggest that the anion disordered structure of TiOF, which has been synthesized,
likely displays metal-insulating behavior with the insulating phase appearing at a relatively high
temperature (~689 K). Our collaborators plan to refine their single crystal synthesis and conduct
more detailed characterization of the local structure through pair distribution function (PDF).

Their measurements have been delayed due to 2020 COVID19 pandemic.

8.3.2 Modeling Anion Ordered TiOF

I also explore the anion ordered variants of TiOF to determine if a similar structural transition
could occur in the anion ordered structure. A computational study of anion ordered MoON, a
similar rutile-like oxynitride, showed an isosymmetric MIT [372]. Although the low temperature
phase of MoON exhibits the same dimerization and zig-zagging of the Mo ions as is seen in VOq
and which is not seen in the high temperature phase, the transition is isosymmetry because the
anion order lowers the symmetry of the rutile-like phase. I first use SOCCR [192] to generate anion
ordered structures with only fac-[TiO3F3] heteroleptic octahedra, as this is the most commonly
observed isomer for [MO3F3] octahedra [27]. The energetics of the alternative anion orders can be
found in Appendix E. In contrast to MoON, whose lowest energy phases have symmetry Pec, the
lowest energy anion configuration in TiOF is P2y /¢ (Figure 8.4a).

The crystal structure of the ground state anion ordered variant is similar to the anion disordered
structure. The P2, /c ordered phase shows similar Ti-Ti dimerization (2.61 A) and slight zig-zagging
of the Ti ions along the c-axis. A symmetry analysis on the homoanionic analogues of the structure

(i.e. with only one ligand species) shows that the anion ordered an disordered equilibrium structures
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FIGURE 8.4: (a) Atomic and (b) electronic structures of the ground state configuration of anion
ordered TiOF.

are derived from the same symmetry-adapted modes (primarily R; ) driving the transition between
the rutile and respective monoclinic phases. The dimerization distance of the ordered phase is
slight closer than the disordered phase, 2.61 A and 2.74 A, respectively. The a and ¢ axes are about
0.5 A larger than the disordered cell, although it is difficult to compare them due to the difference
between lattice parameter errors when using a VCA. The c¢/a ratios are also very similar at 0.571
and 0.578 for the disordered and ordered phases, respectively.

The DOS of the ordered phase (calculated without +U) is shown in Figure 8.4b and the
conduction band states appear very similar to the anion disordered phase. Unlike the disordered
phase, I also see that the ordered phase is barely insulating, with a gap of F; = 10meV. I also
see that the gap between the 7* and/or d|*| and e, states is absent in the ordered phase. These
two features are likely related, as the missing gap between the 7* and/or dﬁ and e, states suggests
a destabilization of the 7 orbital, which increases the separation between it and the d)| states,
producing a gap. This is supported by the respective structures, as the ordered phase shows

shorter Ti—O bond distances compared to the Ti—F, which should destabilize the 7* orbital [383].



179

The disordered phase shows similar short and long Ti-O/F bond lengths, but their difference is
not as large as in the ordered phase.

Of the remaining phases that were higher in energy than P2;/c, none have anion orders that are
compatible with a small displacive phase transition from the P2;/c phase. Because the electronic
structure suggests that this material is close to both conducting and insulating states, anion ordered
TiOF may exhibit a metal-insulator transition, although there is clear structural distinction between
the insulating and metallic phases as in VOg2, NbOg, and MoON. Interestingly, nearly all of the
ordered phases at the DFT level are clearly metallic, except for the P2;/c phase and the next
lowest energy phase C'm (Appendix E). This clearly shows that anion order strongly affects the

electronic structure of these materials.
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Chapter 9: Conclusions and Outlook

In this dissertation, I sought to improve our theoretical understanding of oxyfluorides by using den-
sity functional theory calculations to identify structure-property relationships and leverage them
to design oxyfluorides with functional properties. Anion engineering offers a way to expand the
design space of functional materials by adapting crystal-chemistry principles established in tran-
sition metal oxides into the design of novel heteroanionic materials. To this end, I addressed the
following aspects of materials design in oxyfluorides:

In Chapter 4, I evaluated existing crystal chemistry principles, the bond valence sum and
global instability index (GII), for heteroanionic materials and adapted them into a workflow which
screens for highly unstable candidate compositions in a given structure type. The GII of stable
heteroanionic materials was found to be slightly higher than transition metal oxide compounds.
Using this workflow, I predicted SroAlOsF to be stable and attempted to synthesize it, however
due to a small driving force, the material did not appear through solid state synthetic methods.
The workflow I developed reduces the computational cost for similar high-throughput DFT-based
predictions of new heteroanionic materials, enabling faster and accurate predictions of synthesizable
heteroanionic materials. This will enable experimentalists to implement more targeted syntheses

of new oxyfluorides, which are challenging due to the toxicity of their reactants.
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In Chapter 5 and Chapter 6, I investigated how ferroelectricity may be induced into oxyfluo-
ride structures. Chapter 5 describes my analysis of a potential switchable ferroelectric in a known
oxyfluoride, noncentrosymmetric KNaNbOF5, which exhibits a phase transition to a centrosym-
metric, high temperature phase. Based on our computational model of the transition, I predict that
an intermediate phase should appear between the known phases and confirmed this through in-situ
19F MAS NMR. I then modeled potential ferroelectric switching pathways and find that switchable
ferroelectricity is feasible and the polarization originates from the anions, which may be unique to
heteroanionic materials. This then led to results reported in Chapter 6, in which I proposed a new
mechanism for ferroelectricity called improper anion-ordered ferroelectricity which couples anion
order and octahedral tilts to polar distortions in n = 1 Ruddlesden-Popper compounds. Based
on ab initio calculations, I predicted that this mechanism is possible in CasScO3F and showed
that its anion order configuration is different than SroScOsF. The following significant insights
into structure-property relationships in heteroanionic materials and TMO were also made: (i) The
anion order may be tunable based on the degree of octahedral tilts in the system and (ii) local
polar displacements within transition metal octahedra stabilize octahedral tilts or rotations about
an axis orthogonal to the polar displacements due to the pseudo-Jahn-Teller effect. Because anion
order often facilitates properties in heteroanionic materials, finding (i) is important because it will
aid materials engineers in achieving desired phases and properties through the selection of chemical
compositions. Since (ii) is a general result, it may spark interest in the ultrafast laser spectroscopy
community, where polar displacement modes can be pumped and used to tune properties reliant
on the degree of octahedral rotations, such as magnetism. Given that our proposed mechanism
for ferroelectricity relies on the anions for the electronic polarization, heteroanionic materials may

also be interesting candidates to support multiferroism. I anticipate that these studies will prompt
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further exploration of heteroanionic materials for ferroelectric properties.

Next, I investigated the coupling of ahnarmonicities with strain in n = 2 RP oxyfluorides.
First, I found that as the tolerance factor in oxyfluorides decreases, the oxyfluorides adopt unique
structures from their oxide analogues. In particular, there is a tendency in these materials to
condense transverse wave-like modulations of the anions as the tolerance factor decreases and
under compressive strain. The trends in octahedral tilting and rotations as a function of strain are
the same as in oxides and the oxyfluorides studied here. Specifically, the frequency and amplitude
of these transverse wave-like modulations increases with compressive strain. I also observed that
these octahedral rotations are energetically unfavorable in these oxyfluorides, likely because of
the enhanced stability of octahedral tilts as described in the previous chapter. To complete this
description and motivate advancements in the synthesis of thin film oxyfluorides, the stability of
structures with alternate anion orders should be evaluated as a function of epitaxial strain.

Using design principles for metal-insulator transition materials, first established in rutile tran-
sition metal oxides, I investigated the electronic and atomic structures of TiOF in Chapter 8. Using
virtual crystal approximations (VCA), I predicted that the anion disordered variant of TiOF will
show a metal-insulator transition with structural phase transition similar to VOs. Importantly, 1
showed that an added Hubbard U correction is not necessary to drive the phase transition, unlike
VOsq, suggesting that heteroanionic materials can be used as a tool to gain important insights into
complex transitions of transition metal oxides. The anion ordered variant of TiOF exhibits struc-
tural features that are similar to the monoclinic, insulating phase of VOs, however 1 find that it
is most likely metallic. The ordered variant may exhibit MIT as it close to the phase boundary
between insulating and metallic states, although I do not find an accompanying structural phase

transition. Although 1 justified the use of a VCA in this compound as it accurately predicts the



183

lattice parameters of disordered TiOF, further work to confirm the application of VCA to HAMs
would enable accurate prediction of properties in many anion disordered heteroanionic compounds.
Comparing calculated properties between quasi-random structure models and VCAs of oxynitrides
and oxyfluorides would provide valuable insight into the importance of accurately modeling local
structural distortions in disordered heteroanionic materials. I also note that today, VCAs cannot
be used in the context of order-disorder transitions, as the energies of the virtual atoms are not
interpolated correctly, which has been noted elsewhere [382].

This dissertation provides insights into the changes in atomic and electronic structures due
to anion substitution. It also demonstrates how the unique structural features of heteroanionic
materials due to anion ordering that can be leveraged to design new mechanisms for desirable
properties. I anticipate that this will spark more interest into important fundamental aspects of
heteroanionic materials design, such as anion ordering, and motivate researchers to adopt anion

engineering as a new tool in the repertoire for the design of novel functional materials.
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Appendix A: Predicting the
Structure Stability of Layered

Heteroanionic Materials Exhibiting
Anion Order



TABLE A.1: Table of all published heteroanionic n=1 Ruddlesden-Popper compounds. RT = room temperature

Composition Space group Temperature X Anion Long range anion order? DOI

BasInO3Br P4/nmm 298 K Br ordered 10.1039/JM9960601219
CasCuOyBrs I4/nmm RT Br ordered 10.1002/zaac.19774290112
SryCo09Bry I4/nmm RT Br ordered 10.1006/jssc.2002.9682
SroFeO3Br P4/nmm RT Br ordered 10.1039/B008321F
BasCu0,Cl, I4/nmm RT Cl ordered 10.1016,/0921-4534(96)00332-2
BasInO3Cl P4/nmm 298 K Cl ordered 10.1039/JM9960601219
Cag.445r0 56SmCuO3Cl P4 /nmm RT Cl ordered 10.1016,/0022-4596(91)90347-K
Cag.72510.2sNdCuO3Cl  P4/nmm RT Cl ordered 10.1016/0022-4596(91)90347-K
Cag.78Sr0.2oNdCuO3Cl  P4/nmm RT Cl ordered 10.1016,/0022-4596(91)90347-K
Cag.79510.21GdCuO3Cl  P4/nmm RT Cl ordered 10.1016/0022-4596(91)90347-K
Cag.80Sro.20EuCuO3Cl  P4/nmm RT Cl ordered 10.1016,/0022-4596(91)90347-K
Cagg3910.17NdCu03Cl  P4/mmm  RT Cl ordered 10.1016,/0022-4596(91)90347-K
CayCu05Cly I4/nmm RT Cl ordered 10.1002/zaac.19774290112
CasErCu0O3Cl1 P4/nmm RT Cl ordered 10.1016/S0921-4534(96)00510-2
CayHoCuO3Cl P4/nmm RT Cl ordered 10.1016,/50921-4534(96)00510-2
CayYCuO3Cl P4/nmm RT Cl ordered 10.1016,/S0921-4534(96)00510-2
CaEuCuO3Cl P4 /nmm RT Cl ordered 10.1016,/0022-4596(91)90347-K
CaGdCuO3Cl P4/nmm RT Cl ordered 10.1016/0022-4596(91)90347-K
CaSmCuO3C1 P4/nmm RT Cl ordered 10.1016/0022-4596(91)90347-K
Sr,Co05Cl, I4/nmm RT Cl ordered 10.1006/jssc.2002.9682
SroCo03Cl P4/nmm RT Cl ordered 10.1021/cm000410m
SroCuOoCly I4/nmm 300,200,65,25 K Cl ordered 10.1103/PhysRevB.41.1921
SroFeO3Cl P4/nmm RT Cl ordered 10.1039/B008321F

SroMnO3Cl P4/nmm RT, 2K Cl ordered 10.1021/cm020280c

SroNiO3Cl P4/nmm RT Cl ordered 10.1021/ic402008n
SrNdCuO3Cl P4/nmm RT Cl ordered 10.1016,/0022-4596(91)90347-K
BasInOsF P4/nmm 298 K F ordered 10.1039/JM9960601219
BasScOsF I4/nmm 298 K F disordered 10.1039/JM9960601219
KoNbOsF I4/nmm RT F disordered 10.1021 /31008132025
SroCuO9Fs I4/nmm RT F disordered 10.1103/PhysRevB.56.2831
SroScO3F I4/mmm RT F disordered 10.1016/j.materresbull.2015.01.042

8€C



SroFeOsF P4/nmm RT F ordered 10.1021/3100801a011
SroMnOsF I4/nmm RT F disordered 10.1021/acs.inorgchem.5b02984
SroNiOsF I4/nmm RT F disordered 10.1021/ic402008n

SraCoO3F I4/nmm RT F disordered 10.1039/C0CC05482H
BasTaO3N I4/nmm 298 K N disordered 10.1021/cm011738y
CegAlO3N I4/nmm N/A N disordered 10.1007/BFb0036504

Eus AIOsN I4/nmm N/A N disordered 10.1007/BFb0036504
LagAlO3N Hexagonal ~ RT N unknown 10.1016,/0025-5408(95)00015-1
LapAlO3N I4/nmm N/A N disordered 10.1007/BFb0036504
LagVO3N Hexagonal RT N unknown 10.1016,/0025-5408(95)00015-1
NdyAlO3N I4mm RT N ordered 10.1016/j.jallcom.2011.02.138
ProA103N I4/nmm N/A N disordered 10.1007/BFb0036504
SmaeAlO3N I4/nmm N/A N disordered 10.1016/j.jallcom.2011.02.138
SroNbO3 28N 72 I4/nmm RT N disordered 10.1021/ic049236k

SroTaO3N N/A Theoretical N both available 10.1039/c7cp06791g
SroTaO3N I4/nmm 298 K N disordered 10.1021/cm011738y

6£C
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TABLE A.2: Summary of statistics from varying bond valence parameters by 0.05A. The “GII
minimized” and “DFT” label in the first column indicate from which step of the materials discovery
procedure the structure originates. All values are in units of v.u.

Actual value Avg.

St. Dev. Maximum Minimum

Sr2ScO3F (GII minimized) 0.433 0.492
Sr25cO3F (DFT) 0.245 0.352
Sr2A103F (GII minimized) 0.106 0.293
Sr2A103F (DFT) 0.221 0.348
Ba2ScO3F (GII minimized) 0.164 0.366
Ba2ScO3F (DFT) 0.154 0.296
Ba2InO3F (GII minimized) 0.277 0.352
Ba2nO3F (DFT) 0.205 0.315

0.136 0.811 0.127
0.096 0.605 0.173
0.105 0.618 0.082
0.132 0.754 0.118
0.119 0.660 0.086
0.085 0.588 0.127
0.096 0.605 0.173
0.092 0.646 0.155

TABLE A.3: Attempted syntheses for Sro AlIOsF and products identified from powder x-ray diffrac-
tion. Starting materials for all synthetic attempts were stoichiometric amounts of SrCOgs, SrFs,

and Al,O3. Products are in order of weight percent.

Conditions

Products

Ground and heated in a Pt crucible at 1050°C for 12
hrs in air, repeated 3 times

SI‘3A1206, ST3AIO4F, SI"FQ,
Sr7Al12025, SrgAl;O13

Ground and heated in Pt crucible at 1400°C for 4 hrs
in air

Sample vaporized, no powder to
analyze

Ground and heated in a Pt crucible at 1050°C for 12
hrs in Ar, repeated 2 times

SI‘FQ 5 SI‘7A112025, SI‘3AIO4F

Ground and pressed into pellets. Heated in an alu-
mina crucible with sacrificial powder at 950°C

SrF

2

SI‘3A12 06 s SI‘3A104F, SI‘FQ

Sr0 Sr,ALO, SrAl,

0, AL,O

F1cURE A.1: The compound phase diagram from the binary phases, SrO, SrFs, and Al;O3, which
are used to create SroAlO3F. Green circles indicate that the compound is on the convex hull and red
squares are above the hull. SrAl;O7 is 0.001 eV per atom above the hull and Srz3AlO4F is 0.172eV

per atom above hull.
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Appendix B: Phase Transitions and
Potential Ferroelectricity in
Noncentrosymmetric KNaNbOF5

We extracted the symmetry-adapted modes, Y2+, Y, and I'y, from the fully relaxed Pna2; struc-
ture relative to the C'mcm phase as described in the main text. These symmetry-adapted modes
are energetically stable, indicating that these symmetry adapted modes are a linear combination of
phonon eigenmodes with the same symmetry, but of different dynamical stability. We decomposed
each symmetry-adapted mode, @ into its eigenvectors, e;. Each mode has a different number of
eigenvectors, n, with Y;r, Y, , and I'; having 7, 3, and 7 eigenvectors, respectively. The distortion

mode of symmetry @, ug, mode vector is described as:

n
uQ = E a;€;
=1

where a; are coefficients. To more easily interpret the relative contributions of each mode, the
coefficients were normalized such that the sum of their squares equals 1. A summary of the phonon
frequencies and their linear combinations are show in Table B.1. In all cases, the unstable eigenmode

contributes a significant amount to the symmetry adapted mode.
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TABLE B.1: Summary of each eigenmode’s contribution to the symmetry adapted modes using the
force constant matrix of the C'mem phase.

Yo Y, Iy

Band no. Freq. (cm™') a? Freq. (cm™') a? Freq. (cm™') a?

1 69¢ 0.734 59 0.951 38 0.583
2 15 0.024 273 0.016 0.1 0.000
3 105 0.056 239 0.034 43 0.004
4 143 0.155 112 0.020
5 247 0.006 134 0.337
6 288 0.007 195 0.028
7 515 0.020 260 0.028

TABLE B.2: Crystallographic information for the DFT relaxed structures of Pna2; (NCS) and
Cmem (HT) structures of KNaNbOF5.

Pna2, Cmem
a=11.8868,b = 5.8746,c = 8.1581 a =6.6179,b = 11.2953, ¢ = 8.3046

Atom Site =« Y z Site x Y z

K1 4a 0.5416 -0.0325 0.1160 4a 0 0 0

Nal 4a  0.1382 0.0509 0.3603 4c 0 0.3199 0.25

Nbl 4a  0.8491 -0.0410 0.3532 4c 0 0.6874 0.25

o1 4a 0.7221 0.0983 0.3109 4c 0 0.8448 0.25

F1 4a 0.8751 0.8509 0.1305 4c 0 0.5078 0.25

F2 4a -0.0467 0.2154 0.3183 8z  0.2069 0.1624 0.25

F3 4a 0.8600 0.0388 0.5853 8f 0 0.6744 0.0169

F4 4a  0.7886 0.6650 0.4170
F5 4a  0.0023 0.7838 0.3915
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TABLE B.3: Landau coefficients of the free energy expansion fit to DFT total energy calculations
using different functionals.

PBEsol SCAN

ayy (meV A7?) -85.20 -96.01
ay— (meV A~?) -59.19 -76.38
ap— (meV A2 -10.21 -7.27
By+ (meV A2 46.80 75.86
By~ (meV A=?) 61.89 45.39
Br- (meV A2 7.00 9.52
Oyiy- (meV A™Y) 56.46 51.59
Oy-r- (meV A™%) 8.50 6.32
Op—y (meV A7) 7.85 7.01
Yoy vy (meV A™?) 20.17 18.95
5 T T T 5 —— 51— T
L a 1 ' b 1 L ¢ 1
4+ - 41 - 4+ —
s~ Pnna Cmem Cmcm -+ s Pnna Cmcm .
;\ 1= — ;l 1 —
N4 E - 4 X + 4
0 0 0
1; Pna2, Pnma A 1__ Pna2, Pnma _ 1 Pna2, Pnma ;
s T e
Ky, (meV A7) Kyp, (MeV A7) K,,. (meV A%

Y2+

FIGURE B.1: Approximate phase diagrams of the transition upon parametrically changing the
trilinear coupling coefficients Tryvyiy, O be equal to a 15meV A3, and b 27meVA=3. ¢ Ap-
proximate phase diagram using Landau coefficients fit to SCAN energies. The third quadratic
coefficient, Kpo_, is set to 0.6 meV A~2, as described in the main text.

In the in-situ monitoring of the heating process (4 in the main text), a new °F peak resonating
at —143.2 ppm appears at ~360°C. This peak is assigned to an intermediate phase (Pbcn) in the
irreversible reconstructive transition (P4/nmm — Cmem) on the basis of (1) Pbem is a proposed
intermediate structure in the CS (P4/nmm) to HT (Cmem) phase transition [7]; (2) the formation
of the Pbcm phase is detected at 358.8 °C while the HT phase is not detected until 390 °C (4 in the
main text; further details below); (3) the same '9F resonance is not detected at —143.2 ppm during

cooling process (Figure B.8), which implies that the intermediate Pbem phase transition to Cmem
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@ « ONa@nNb e00F10F2 0F3 oF40F5

Ficure B.2: The a Pna2;, b Pnma, ¢ Pnna, and d Cmem structures of KNaNbOF5 with
symmetrically inequivalent fluoride sites labeled.

TABLE B.4: Crystallographic information for the DFT relaxed structures of Pnma and Pnna
structures of KNaNbOFs5.

Pnma Pnna
a=11.5408,b = 8.3327,¢ = 6.0230 a = 11.5613,b = 7.9868, ¢ = 6.2068
Atom Site = Y z Site =z y z
K1 4b 0 0 0.5 4c 0.25 0 0.1809
Nal 4c 0.3640 0.25 0.5669 4d  -0.0688 0.25 0.25

Nbl  4c 0.1559  0.25 0.0587 4d  0.5691  0.25 0.25
01 4c 0.2921  0.25 -0.0705 4d  0.4160 0.25 0.25

F1 4c 0.0578 0.25 0.7901 4d  0.7458  0.25 0.25
F2 4c 0.2044 0.25 0.3671 8e  -0.0881 0.6712 -0.0473
F3 4c  -0.0083 0.25 0.2162 8e 0.4105 0.5218 0.6458

F4 8d  0.8648 -0.019 -0.0819

TABLE B.5: Summary of 'F NMR isotropic chemical shifts, §, in KNaNbOF5. Bolded values
indicate fluoride sites that are trans to the oxide in the [NbOFj5]2~ octahedra. Although it is
difficult to resolve the equatorial fluoride ions (i.e., all fluoride ions that are not trans to the apical
oxide ions in the [NbOF5]?>~ unit), because of their close proximity in terms of chemical shifts in
the NMR spectra, we can readily resolve the phases using the chemical shifts of the apical fluoride
ions (i.e., the fluoride ion trans to the oxide ion).

Pna2, Pnma Pnna Cmem

Site 5emp Ocale Site 5636], Ocale Site 5emp Ocale Site 5exp Ocale

F1  -89.8 -85.1 F1  -12809 -1241 F1 -223.5 -218.7 F1 -257.4 -226.2
F2 -1158 -119.2 F2 N/A -94.7 F2 N/A -115.0 F2  -120.2 -131.1
F3 -100.1 -101.5 F3 -233.8 -238.4 F3 N/A -81.4 F3 -116.7 -112.9
F4 -95.8 -85.7 F4 N/A -93.6

F5 -214.2 -234.5
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Ficure B.3: Difference in energy (blue, left) and volume (red, right) between the various cen-
trosymmetric phases of KNaNbOF5 and the Pna2; phase.
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FIGURE B.4: In situ 'F NMR spin-lattice relaxation rate (R; = 1/7}) measurements on the
NCS to HT phase transition upon heating (0°C to 450°C) and the HT to NCS transition upon
cooling (450 °C to 0°C) in KNaNbOF5. The apical F (blue square) experiences negligible motion as
revealed by its unaltered °F T} throughout the measurements. In line with our previous studies [6],
it suggests that the apical Foncg ion stays as if it is static in the axial rotation about the Fapicai—
Nb-O axis and no dynamic O/F disorder is expected for this fluoride ion. Note that the °F Ty
signals from the equatorial fluoride ions in the NCS phase is not traceable due to the interference
of CSA. The jump in the 'F T signal (red circles) at ~360 °C till about 390 °C is associated with
the the reconstructive phase.

phase is not reversible, (4) the calculated 'YF NMR chemical shift of this signal at —140.6 ppm in

the Pbem phase [6] is comparable with the experimental value at —143.2 ppm.
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FIGURE B.5: High-resolution F MAS (25kHz) NMR spectra of noncentrosymmetric (NCS;

bottom) and centrosymmetric (CS; top) KNaNbOFs.

The assignment of F NMR signals

of CS KNaNbOF5 can be found in literature. [6] Asterisks (*) denotes spinning side bands.

Top panel is reproduced with permission from Chien, P.-H. et.al.

Chem. Mater., DOI:

10.1021/acs.chemmater.0c01439. Copyright 2020 American Chemical Society.
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FIGURE B.6: In situ monitoring (cooling process) of the phase transition in KNaNbOF5 from non-
centrosymmetric (NCS) phase (Pna2;) to the high-temperature (HT) phase (Cmem) by variable-
temperature °F MAS (5kHz) NMR. Note that the 1°F resonance at —143.2 ppm is not identified
at 358.8°C (cf. Fig. 2). The removal of this 1°F chemical shift during the cooling process indicates
that the reconstructive phase transition from P4/nmm to Cmem (a secondary phase transition from
the P4/nmm polymorph of KNaNbOFs5, not the focus of this article) is irreversible, as confirmed

previously [6,7].
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FIGURE B.7: 19F MAS (5kHz) NMR spectra of KNaNbOF5 acquired at 440 °C in different phase
transition routes (P4/nmm to HT and Pna2; to HT). The new signal (marked with # to indicate

the isotropic shift) detected in the transition from NCS to HT route is shown in blue. Asterisks (*)
denotes the spinning side bands.
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FIGURE B.8: High-resolution F MAS (25kHz) NMR spectra of Pna2; KNaNbOF5 before/after
in situ high-temperature '°F MAS NMR experiments. Calculated '°F NMR. chemical shifts are
also shown for reference. Asterisks (*) denote spinning side bands.



FIGURE B.9: High-resolution F MAS (25kHz) NMR spectra of the perovskite-derived polymorph
of KNaNbOF5 with symmetry P4/nmm quenched at 150°C C, 250°C, 310°C, 340°C, and 370 °C.
Asterisks (*) denote spinning side bands. The spectra of the P4/nmm samples quenched at 340°C,
310°C, 250°C, and 150°C do not show any additional phases other than the P4/nmm phase.
Multiple phases appear in the spectra of the sample quenched at 370 °C. In order of highest to
lowest percentage of the sample, we see the Pnna, Pnma, NCS phases along with a small amount of
remaining P4/nmm sample. This is is distinctive from the results of the NCS quenching experiment,
as the Pnna phase makes up by far the largest percentage of the sample when the P4/nmm sample

is quenched.

TABLE B.6: Summary of the calculated Born effective charges in KNaNbOF5 in units of e at the

DFT-PBEsol level.
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230

210 220
F shift (ppm) T
-80 -100 -120 -140 -160 Fl,,
¥F shift (ppm) X !
Q_370°C

Q_340°C
Q_310°C
Q_250°C
Q_150°C .

100 0

*

100 -200
®F shift (ppm)

-300

Pna2,q Pnma

Site  Zus Zyy 7. Site  Zys Zyy 7.
K 1.19 1.33 1.20 K 1.19 1.30 1.25
Na 1.23 1.06 1.20 Na 1.19 1.09 1.22
Nb 4.15 4.35 4.36 Nb 4.17  4.32 4.29
O -2.04 -1.20 -089 O -2.01  -1.19 -0.83
F1  -058 -073 -18 F1 -1.11 -1.46 -0.70
F2 -119 -133 -0.71 F2 -0.66 -1.77 -0.62
¥F3 -067 -0.75 -1.72 F3 -1.65 -1.03 -0.84
F4 -072 -166 -0.73 F4 -0.60 -0.64 -1.89
F5 -1.58 -1.07 -0.87
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Appendix C: Heteroanionic
Ruddlesden-Popper Ferroelectrics
From Anion Order and Octahedral
Tilts

+ Octahedral
tilt

b b \
L [101] L [101]

A,BO, A,BO,F A,BO,F
14/mmm Cmcm Cmc2,

FicurE C.1: Potential derivative structure path to obtain a polar phase (Cmc2;) from a cen-
trosymmetric anion ordered structure (C'mem) from the homoanionic parent phase (I4/mmm).
The polarization in the C'mc2; structure arises as the fluorides all move to the right while the
apical oxides all move to the left. The calculated Berry phase polarizations for the relaxed polar
structures are 2.70 and 2.58 uC cm ™2 for the Cmc2; and Pna2; phases of SraScOsF, respectively,
and 4.82 uC cm™2 for the Cmc2; phase of CayScOsF.
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FIGURE C.2: Relative energies of the SroScOsF Cmc2; structure as a function of the polar (I'y)
mode with varying amounts of a hybrid order parameter, \Q X Q X5

TABLE C.1: The energetics of the prototypical anion ordered structures and their equilibrium
structures relative to the highest energy anion order of CasScOsF. AE.nion orders 1S the energy of the
relaxed anion ordered structures relative to the highest energy anion ordered structure (intralayer
antipolar). AEe, (meV/fu.) is the energy of the equilibrium structures relative to the highest
energy anion ordered structure.

AEanion orders (meV/fu.)  Equilibrium structure  AEqq (meV/fu.)

Polar -117.4 Cm -546.5
Interlayer antipolar -204.8 P421m -591.0
Intralayer antipolar 0 P21212¢ -679.7

TABLE C.2: The energetics of the prototypical anion ordered structures and their equilibrium
structures relative to the highest energy anion order of SroScO3F. AE.nion orders is the energy of the
relaxed anion ordered structures relative to the highest energy anion ordered structure (intralayer
antipolar). AEe, (meV/fu.) is the energy of the equilibrium structures relative to the highest
energy anion ordered structure.

AEanion orders (meV/fu.) Equilibrium structure AEgq (meV/fu.)

Polar -36.6 Pdocm -112.1
Interlayer antipolar -76.0 P42ym -154.5
Intralayer antipolar 0 Pna2, -66.8
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TABLE C.3: Separation of dipole-dipole and short-range contributions to the total change in energy
in the SroSnOy structure with tilts relative to the prototypical I4/mmm structure.

Cmca
Total change in energy (meV) -25.9
Dipole-dipole contribution (meV) 8.3

Short-range contribution (meV) -34.2
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Ficure C.3: Energetics of CayTiO4 with octahedral tilts. The anion
pattern of B-site displacements and all B-site displacements are 0.178 A.
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FIGURE C.4: (a) Schematic of the molecular orbital diagram for a [ScO5F] octahedra. The diagram
is not drawn to scale. Partial density of states of the relaxed (b) polar, (c¢) interlayer, and (d)
intralayer anion ordered structures of SroScO3F on a per atom basis.
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Appendix D: Exploring the Phase
Space of Epitaxially Strained n = 2
Ruddlesden-Popper Oxyfluorides

FIGURE D.1: Structure with condensed A2 mode from the SrsIn,OsFy ground state P2;/c struc-
ture. The lines shows the wave-like displacive modulation of the equatiorial O ions in the foreground
on the (101) plane.
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TABLE D.1: Lowest energy phases obtained from derivative structure search of SrzIn,OsFs5.

space group AE (meV per formula unit)
I4/mmm 0.00

P2, /c -729.9
P2 -716.6
Cme2, -700.8
Pnma -695.6
Pm -681.7
P1 -674.5
P2y /c -673.7
Cec -673.6
P1 -670.5
P2;/m -667.4

TABLE D.2: Lowest energy phases obtained from derivative structure search of Srzln,OsFs.

Space group Irrep Amplitude (A)

P1 Pl
I4/mmm Ty 0107 0.178
Immm Iy 0.002 0.014
P1 Iy 0.376 0.202
I4mm rs - 0.048
I4m2 r, - 0.005
Cm ry - 0.355
Cmmm X - 0.010
Cmca X; - 0.106
Cmca X5 - 0.003
Cecem X5 - 0.016
Cecca X 0.173 0.160
Cmem X5 0.002 0.200
Cmem X 1.328 1.282
Cmma X, 0.003 0.024
P2;/m Al 0.064 0.139

P2, /c A2 0380 1.543
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Appendix E: Investigating
Insulator-Metal Transitions in Anion
Disordered and Ordered TiOF

[110

FiGurRE E.1: Disordered TiOF with condensed instability at k = (0.26,0.26,0.6) on a 4x4x2

supercell. The distortions are exaggerated to make them clearer.

TABLE E.1: Energetics of alternative anion ordered configurations of TiOF. All structures have
only fac-[TiO303] octahedral units.

space group AE (meV per formula unit)

electronic state

P21/C
P2121m
Cm
Amm?2
P2:(1)
P2,(2)
Pc
Pm021
C2/m

0.00
64.0
73.5
117.8
123.8
169.6
177.6
191.9
268.5

metallic
insulating
insulating
metallic
metallic
metallic
metallic
metallic
metallic
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k = (0.26, 0.26, 0.5) ]

AE (meV per formula unit)

-5 1 | 1 | ]
0 5 10

amplitude (phonopy units)

FI1GURE E.2: Energetics of anion disordered TiOF structures modulated with the unstable phonon
modes from VCA phonon dispersions.

This appendix contains a short description of the input files needed to perform VCA calculations
in VASP, at this time the official VASP documentation does not have a guide on how to do this.
A presentation with a how-to guide and the python scripts printed here can also be found in the
MTD group share or in the archive. Disclaimer: As a general rule, the components of the VCA
must have masses that are close to one another. However, thorough testing is needed to confirm
that a VCA will accurately model your system.

The POSCAR for your VCA must duplicate the ionic positions of the VCA ions and add their

associate element species. For our rutile TiOF, the POSCAR appears as follows:

Ti0OF rutile
1.00000000000000
4.6454683013242928 0.0000000000000000 0.0000000000000000
0.0000000000000000 4.6454683013242928 0.0000000000000000
0.0000000000000000 0.0000000000000000 3.0092011362285902
Ti 0 F
2 4 4
Direct
0.0000000000000000 0.0000000000000000 0.0000000000000000
0.5000000000000000 0.5000000000000000 0.5000000000000000
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0.2968582686327679 0.2968582686327679 0.0000000000000000
0.7031417063672336 0.7031417063672336 0.0000000000000000
0.2031417313672321 0.7968582936327664 0.5000000000000000
0.7968582936327664 0.2031417313672321 0.5000000000000000
0.2968582686327679 0.2968582686327679 0.0000000000000000
0.7031417063672336 0.7031417063672336 0.0000000000000000
0.2031417313672321 0.7968582936327664 0.5000000000000000
0.7968582936327664 0.2031417313672321 0.5000000000000000

In addition, the VCA weights must be added to the INCAR file. The weights for all ions must
be specified (ie non-VCA ions must be 1.0). For TiOF, it appears as,

VCA =1.0 0.5 0.5

If you want to calculate the phonons of a structure with VCAs, the Phonopy source code must
be modified to take into account the mass of the virtual atom. In particular, atoms.py must be
modified to add the virtual atom (which we name “Of” for TiOF) to the atom_data, symbol_ mat,
and isotope_data lists. The atom_data element must contained the weighted average of the VCA
atom components. Additionally, if using the frozen phonon method and using Phonopy to create
the displaced structures, you must use a virtual atom POSCAR for it to work. (N.B. I did not try
the density functional perturbation theory with the VCA) The TiOF virtual atom POSCAR is as
follows:

TiOF for Phonopy
1.00000000000000
4.6454683013242928
0.0000000000000000
0.0000000000000000

0.0000000000000000
4.6454683013242928
0.0000000000000000

0.0000000000000000
0.0000000000000000
3.0092011362285902

Ti 0of
2 4
Direct
0.0000000000000000 0.0000000000000000 0.0000000000000000
0.5000000000000000 0.5000000000000000 0.5000000000000000
0.2968582686327679 0.2968582686327679 0.0000000000000000
0.7031417063672336 0.7031417063672336 0.0000000000000000
0.2031417313672321 0.7968582936327664 0.5000000000000000
0.7968582936327664 0.2031417313672321 0.5000000000000000

The procedure to calculate phonons with the VCA is as follows (custom scripts to automate

these steps are shown in parentheses and can be found in the MTD group share drive):
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. Start with the virtual atom POSCAR

. Proceed as normal in creating the displaced POSCAR

. Edit the displaced POSCARs so that the VCA can run in VASP (make_vasp_VCA_files.sh)
. Run self-consistent calculations using the VCA tag

. Create FORCE_SETS using a custom script, which automatically determines the net forces on

the virtual atoms (VCA_force_sets.py)

. From here, postprocessing is as usual
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