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Here we present a detailed analysis of the structure, bonding character, and electronic structure of anti-
anatase B-MoyN using density functional theory calculations. We analyze the crystal orbital Hamilton
populations, phonon band structure, and electronic structure calculations to explain its low energy
transport behavior. We further examine the electronic structures of (anti-)rutile and (anti-)anatase
Mz_.X, (X = N,O; n = 1,2) M = Ti and Mo nitrides and oxides to show that the atomic structure of anti-

Received 17th October 2023, anatase leads to metallic behavior independent of the metal and ligand chemistry. Finally, we assess

Accepted 15th January 2024 whether these anti-anatase compounds are viable electrides using electron density maps and electron
DOI: 10.1039/d3cp05054h localization functions. Our work shows anti-structures of known binary compounds can expand the

phase space of available metallic ceramics beyond layered, hexagonal carbides and nitrides, e.g., M,1A,
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1 Introduction

Crystal structure discovery is fundamental in order to increase
the available materials options for future applications, parti-
cularly in understudied fields such as advanced, metallic
ceramics.'™ Advanced metallic ceramics can be used as catalysts,
diffusion resistant thin-films, and thermal barriers. Traditionally,
semiconductivitity or metallicity in oxide ceramics is realized
through introducing partially filled conduction bands (nominal
metal), extended d-orbitals and hybridization, and highly over-
lapped metal-metal bonds. However, there are few metallic
ceramics, primarily because of oxygen’s high electronegativity
and coulombic potential® that localize electron bonding orbitals.
Important counterexamples include alkali metal oxides and corre-
lated metals, such as VO,,® ReOs, RuO,, SrFeO;, (Pd,Pt)Co,, which
are of particular importance for electronics applications.

Recent research has shown promising structural and prop-
erty differences for the less electronegative nitrides, carbides,
and chalcogenides when compared to oxides, such as for MAX
phases and electrides, necessitating further exploration. Car-
bides provide increased electrical conductivity when compared
to oxides and nitrides due to their delocalized electronic
structure. Transition metal monocarbides like TiC’ and its
derivatives are well-known metallic ceramics. Nitrides generally
have good mechanical properties and are most likely to exhibit
cation charge disorder due to the nominal oxidation state of
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nitrogen, yielding interesting electronic properties.>*® How-
ever, nitrides are challenging to synthesize owing to their lower
energetic stability.* Heteroanionic materials, which contain two
or more anions, have also captured attention due to increased
local interactions and symmetry breaking, providing more
variables for tuning to create emerging functionality.>

Binary anti-structures, such as anti-anatase, accessible
through anion and cation chemical substitution, advanced
synthesis techniques, and computational probing, present
viable opportunities to manifest functional properties. We
can realize a wider range of properties, including negative
thermal expansion and superconductivity, through the consid-
eration of anti-structures, such as those found upon switching
between perovskite and anti-perovskite.” Anti-structures are
more accessible through the application of non-oxygen anions,
which modifies the nominal electron count and fosters differ-
ent bonding environments. This is apparent when we consider
that both Ti,N anti-rutile and anti-anatase are reported anti-
structures of their well-known rutile and anatase TiO, poly-
morphs (Fig. 1).

Anatase, whose generic structure is shown in Fig. 1a, most
often refers to a metastable TiO, phase.’® Anatase titanium
dioxide does not contain 1D cation chains like the brookite and
rutile phases, yielding a larger electronic band gap.'™'* The
octahedra, which zig-zag along [001], are half edge-sharing and
half vertex-sharing, and exhibit large distortions."® Anatase and
its anti-structure, anti-anatase (Fig. 1b), are less dense than
many other ordered AB, phases, leading to decreased mechan-
ical properties and increased compressibility. The anti-anatase
structure was first reported as the &'-Ti,N phase,"*"> and was
described as a tetragonal NaCl-defect structure with locally
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Fig. 1 Structures displaying (a) generic anatase (b) anti-anatase p-Mo,N
and (c) y-MozN, where the anion site is statistically filled at 50%.

ordered vacancies (Fig. 1b). The switch to anti-anatase creates a
single cation Wyckoff position which is surrounded by anions
connected in (100) or (010) at 90°, yielding a T-shaped, 3 anion
coordinated cation. The 1D cation chains, bridged by obtuse
cation-anion-cation bond(s), create shorter distances for elec-
tron hopping between cation sites and support potential metal
bonding through extended d orbitals.

Metallic molybdenum nitrides are generally known to have
excellent mechanical properties e.g. extreme hardness, high
melting points, deformation resistance, and superconductivity.'®"”
Therefore, molybdenum nitrides find use in fast digital circuits,
anodes of pseudocapacitors,"® coatings,"®" and in catalysis due to
their high specific surface area.”® Its members include 5-MoN, and
the lesser reported y-Mo,N and -Mo,N."®*! The recorded thermo-
dynamic ground state structure of Mo,N is an anti-anatase com-
pound exhibiting /4,/amd symmetry, shown in Fig. 1b. Few
publications report on its electronic structure and its other physical
properties. Moreover, the high temperature y phase (Fig. 1c) under-
goes a phase transition as its defect structure disorders and adopts
a statistical occupation.

Here, we examine role of structure on metallicity in the anti-
anatase phase with first principles DFT calculations on the
experimentally reported B-Mo,N compound. To provide intui-
tion on anti-anatase’s properties, we construct a MX, model
that compares the electronic behavior for different atomic
substitutions and (anti-)structures. We also explore whether
Mo,N is a potential electride, analyze its band structure, and
explain increases in stability gained in the f —y transition.
We argue that chemical substitution and leveraging unconven-
tional structures, like anti-structures, are imperative to realiz-
ing the potential of the advanced ceramics field.

2 Computational methods
2.1 Electronic structure calculations

Density functional theory calculations were performed using
the Vienna A4b initio Simulation Package (VASP)**® utilizing
the GGA functional Perdew-Burke-Ernzerhof revised for solids
(PBEsol).>*™° Structures were optimized and converged electro-
nically to 10~ eV and to 10~° eV A™* for forces. For general
calculations, the plane wave cutoff was set to 600 eV. Gamma
centered k-point meshes were used with at least 4000 k-points
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per reciprocal atom (KPPRA). The International Crystal Struc-
tures Database® was used to find structures from experimental
databases. Anatase MoO, was initialized in the ferromagnetic
spin configuration. We note the self-interaction error correc-
tion +U was not included within our framework, as the Mo-d
states are itinerant. A benchmark analysis demonstrates that
only small changes to the Mo,N and MoO, electronic density
of states occurs with and without the ad hoc +U as shown in
Fig. S21 (ESI¥).

To calculate the electronic density of states, a self-consistent
calculation with the tetrahedron method with Blochl corrections
was performed. Electronic band structures were calculated from a
non-self consistent calculation with Gaussian smearing. Ground
state phonon calculations were performed based on the quasi-
harmonic approximation®! with Phonopy®> at 0 Kwitha 2 x 2 x 2
supercell constructed from the primitive cell. 0 K and finite
temperature phonon calculations were performed on a 4 x 4 x
4 supercell with the temperature-dependent effective potential
(TDEP) method utilizing ab initio molecular dynamics.**
All band structure calculations utilized the K-path in reciprocal
space for the primitive cell recommended by SeeK-path: the &-path
finder and visualizer.>**”

Topological behavior was probed with the VASP2Trace pro-
gram and the Bilbao Crystallographic Server’s Check Topologi-
cal Material feature.”® The BoltzTraP2 program was used
to calculate transport properties.®® Crystal orbital Hamilton
populations (COHP) were found with VASP and the LOBSTER
package to create atom projected density of states for Mo,N.***>
The electron localization function (ELF) was calculated with the
approach developed by A.D. Becke et al., implemented within
VASP.*

3 Results

In the following sections, we detail a structural and electronic
description of anti-anatase, an electronic behavior model for
titanium and molybdenum oxide and nitride (anti-)structures,
B-Mo,N bonding character and low energy electronic behavior,
and methods to probe the potential electride character of anti-
anatase. In all cases, we use DFT structurally optimized atomic
structures. We find the lattice parameters a = 4.22 A and ¢ =
7.96 A for tetragonal B-Mo,N. Bond-length and bond-angle
distortions are present in anti-anatase to accommodate
cation/anion size mismatch, including a shorter z direction
Mo-N bond length and angular distortion of the N-Mo-N angle
away from the 90° ideal. In comparison to Ti,N anti-anatase,
the angular distortion is more pronounced.The full crystal
structure information for all computed compounds is available
in Tables S1-S3 (ESIt).

3.1 Anti-anatase electronic model

Structurally, the anti-anatase phase can promote high electro-
nic transport through its conductive 1D cation chains. None of
these mechanisms are available to the parent anatase. More-
over, the high cation:anion ratio should yield a higher filling of
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d orbitals and ill-defined cation oxidation state, thus prevent-
ing explicit insulating behavior from band theory and simple
2-electron bond arguments. With this understanding, we next
sketch the expected electronic density of states (DOS) for an
anti-rutile oxide (Fig. 2a) and an anti-anatase nitride (Fig. 2b).
Based on electron filling, 6 electrons that form a closed shell
anion configuration will first fill the valence band, composed of
primarily p—d anion—-cation states located well below the Fermi
level. Then, at an energy gap of 4 above the valence band top, d
states form a wide conduction band. The anti-anatase DOS
generally present as small-gap semi-metals where Ef sits some-
where in the middle of the conduction band.

The position of the Fermi level, relative to the hybridized dp
band, in the mainly d derived states is determined by how
many remaining electrons are contributed by the cation. For a
transition metal (TM) oxide in the anti-anatase structure the d
derived band is partially filled when d*, n > 2 (Fig. 2a). TM
nitrides (Fig. 2b) complete the valence band and start to fill the
conduction band at d electrons. Most TM cations will easily fill
d-p bands and partially fill the d dominated conduction bands.
We find this behavior in anti-anatase f-Mo,N (Fig. 2¢), where
p-d valence bonding states range from —9.5 to —5 eV (E¢= 0 eV).
The d orbital dominated conduction band spreads between
—5-6 eV. From here, we find that: (i) the change in the
principal quantum number from 3d to 4d/5d increases the
conduction bandwidth due to larger orbital size; (ii) increases
in the oxidation state of the anion shifts E¢ towards higher
energy into the conduction band; and (iii) switching from
anatase to anti-anatase reduces the chemical dependence
on metallicity. To support this description, we next examine
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Fig. 2 (a) and (b) Schematic electronic DOS for anti-rutile and anti-

anatase. Oxides generally a wider gap 4 (E5 between d-p bonding
metal-metal bonding overlap in the conduction band). E; is higher in the
conduction band due to electronegativity and electron filling differences.
(c) DFT calculated DOS for B-Mo,N. Disperse d orbitals dominate the wide
conduction band.
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changes in the electronic structure for other (anti-)structure
MX, compositions.

3.2 Substituted (anti-)MX, comparisons

Switching from structure to anti-structure modifies the cation/
anion coordination number, increases the cation:anion ratio,
and alters the bonding strengths due to shifts in orbital
energies. We examine M; X, (M = Ti, Mo; X = N,0; a = 1,2)
compositions in (anti-)rutile and (anti-)anatase structures. Both
rutile and anatase are well known titanium dioxide structures,
and the nitrides of titanium in both anti-phases are reported.
The crystallographic information for the DFT relaxed structures
is reported in Table S2 (ESIY).

We first investigate how the effect of 3d versus 4d with
atomic structure affects the d-orbital dominated electronic
states about the Fermi level. Fig. 3 summarizes the composi-
tions and phases varied, and their electronic behavior as
described by the calculated conduction band energy ranges,
normalized to the Ti core state of the rutile structure given by
the ¢ bonding maximum near —20 eV (see ESIT). All DOS show
insulating or semi-metallic character, where E; is located in the
middle of the nominal conduction band (except for anatase
Ti,X, where E; is located in the nominal valence band). For
nitrides, we observe the predicted shift down in E¢ within the
conduction band due to the decreased anion electronegativity
and the additional cation-donated electron in the p-d valence
band. Furthermore, Mo (4d) substitution for Ti (3d) yields
larger bonding energy ranges due to the increase in principal
quantum number and number of valence electrons. The 6
electron valence band is filled in all anti-structure cases,
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Fig. 3 Calculated conduction band energy ranges of the 16 Mz X,
(X = N,O; a = 1,2) (anti-)rutile and (anti-)anatase phases. All materials are
either calculated to be insulators or occur as semimetals, where E; is
located in the middle of the conduction band. Compared to other
structures types, anti-anatase appears metallic independent of the com-
position (similar to anti-rutile). The superscript (R) indicates the phase is
reported experimentally: rutile and anatase TiO,,*"4® rutile MoO,,*® anti-
rutile and anti-anatase Ti,N,**1>5051 gnti-anatase Mo,N.>?
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requiring that E is located within the middle of the conduction
band. This should provide for robust metallic behavior for the
anti-structures. For anti-anatase, we highlight that the con-
duction bandwidth increases with the substitution of Mo for
Ti (~ 1-2 eV change). Upon inspection of the -Mo,N orbital
projected density of states, we find the d-orbitals are almost
completely degenerate and delocalized (Fig. S4, ESIt).

We also examined key characteristics of the valence band
and and total density of states characters, visualized for all 16
phases in the ESIf (Fig. S4-S7). Upon inspection of the total
DOS, it is apparent the valence band localizes upon the switch
to an anti-structure, but is generally insensitive to the principal
quantum number of the transition metal and electrons it
contributes. Upon going from 3d to 4d and increasing the
number of valence electrons, e.g., comparing isostructural
TiO, (d°) and MoO, (d?), we find the conduction band shifts
to lower energy and touches the valence band such that 4 = 0
and Er is located in the conduction band. Additionally, the
substitution of oxides for nitrides produces a larger 4. Structu-
rally, moving from anatase to anti-anatase, i.e., anatase MoO, to
anti-anatase Mo,0, introduces more states around E;. Interest-
ingly, we observe a lower valence band maximum for anti-
anatase structures, indicating strong anion-cation bonding.
We point out that additional electrons due to chemical sub-
stitution will lead to filling of the conduction band and a shift
of E; farther into the conduction band.

To summarize this analysis, we find that anti-anatase
induces robust metallic character. This behavior is likely che-
mically invariant, owing to the small valence d-p band and a
disperse conduction band dominated by low energy d orbital
hybridization, and is distinct when compared to other A,;;B,
(x = 0,1) compounds.

3.3 Bonding character of Mo,N

We next evaluate the projected crystal orbital Hamilton popula-
tions (pCOHP) of B-Mo,N to better understand how the Mo-N
bonding, facilitated by the atomic structure, affects stability,
structural distortions, and electronic behavior in anti-anatase.
Pair bonding interactions are indicated by positive —pCOHP
magnitudes, while anti-bonding interactions are identified by
negative —pCOHP values. All Mo cations are coordinated to
three nearest neighbor nitrogen atoms and 13 nearest neighbor
Mo atoms within a 4 A cutoff. By symmetry, there are are six
inequivalent Mo-Mo pairs and two inequivalent nearest neigh-
bor Mo-N bonds with significant overlap. Fig. 4a depicts multi-
ple views of the atomic structure to fully visualize the bonds. All
Mo-N bonds in the N centered octahedra are equivalent except
those in the (001) plane. The N-p, orbitals are higher in energy
and contribute to a shorter Mo-N bond. The N-p, and N-p,
orbitals are degenerate and the greater bonding overlap can be
seen in the orbital projected DOS (Fig. S1, ESIt). It is important
to note that COHP calculations are defined only for cohesive
energy contributions and are thus limited in their description
of ionic bonding. Utilizing analyses by P.C. Miiller et al.,*® we
find the Mo-N bonds contain roughly 0.18 ionicity (a value of 1
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Fig. 4 The projected crystal orbital Hamilton population (COHP) of select
molybdenum and nitrogen bonding pairs throughout the B-Mo,N struc-
ture, shown in (a). (b) and (c) Mo—Mo pairs exhibit strong bonding
character (positive —pCOHP) around —10 eV below the Fermi level. (d)
and (e) Mo1-N bonding in the (100) and (001) planes is shown. Significant
anti-bonding character (negative —pCOHP) around —9 to —7 eV from the
Mo1-N1 interaction is noted, and attributed to Mol s-N1 p,, (or p,, Mo site
dependent) and Mol d-N1 p, overlap.
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would indicate fully ionic bonding), indicating covalent con-
tributions are significant.

Fig. 4b and c¢ shows the Mo-Mo —pCOHP. N is nominally
3-, meaning there are 9 electrons per Mo, unit available for
metallic bonding. The pairs considered are Mo1-Mo2 (2.89 A),
Mo1-Mos5 (2.78 A), Mo1-Mo6 (3.80 A), Mo1-Mo7 (3.01 A), and
Mo1-Mo8 (2.98 A). Mol-Mo4 is not shown due to nearly
identical overlap with Mo1-Mo2. In Fig. 4b, filled Mo-Mo
interactions within 10 eV below Ef are dominated by prominent
anti-bonding character. Despite these relatively long Mo-Mo
bonds lengths, due to high Mo electron count, the lack of full
bridging anions for most Mo-Mo bonds allows for Mo,N to sit
in an intermediate region where conventional orbital ordering
is balanced by through-bond M-X-M interactions.>® The
unbridged Mo1-Mo2 and Mo1-Mo5 retain significant out-of-
phase orbital overlap around —5 to —3 eV. The greatest bonding
behavior occurs around —7 eV and —3 eV for Mo1-Moé6 inter-
actions parallel to the c-axis (propagated almost exclusively by
d2 overlap). Nearly all unfilled states are strongly anti-bonding.
In Fig. 4c, some 1D cation chains with a single N bridge in the
(110) plane, associated with Mo1-Mo8 pairs, exhibit bonding
contributions through d orbital interactions at about —4 eV,
but show destructive interference closer to E¢ and for d,,—dy2_,2
and d,-d,>» orbital overlap. We note that significant filled
anti-bonding states are found in the elemental bec molybde-
num COHP as well (Fig. S3, ESIf). Based on the elemental
COHP and previous literature, we connect anti-anatase to
covalent anti-bonding interactions through metal-metal bond-
ing and strong hybridization of Mo 4d orbitals.>*

Anti-bonding behavior is also present for filled Mo-N bonds
near and below E; (Fig. 4d and e). The negative Mo1-N1
interactions in the (100) —pCOHP values are attributed to p,
orbitals. Mo1-N2 interactions parallel to the c axis feature some
small positive —pCOHP contributions. The filled anti-bonding
Mod-Np states indicate some structure instability in the Mo,N
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and stronger ionic interactions. We explain the high anti-
bonding contribution to Mod-Np bonding at the Brillion zone
boundary through the anti-symmetric nature of Np orbitals,
which are restricted by k-space and cannot constructively over-
lap. On the other hand, the unrestricted (001) direction allows
for significant bonding overlap. Finally, we note the longer Mo-
N bond in the xy plane will shift the energy of the anti-bonding
states down, leading to increased likelihood they will be
filled.>® We underscore that the filled anti-bonding orbitals
will decrease the stability of anti-anatase and Mo,N. Addition-
ally, increased cation electron count (d”, n > 2) accommodated
through anti-bond conduction band filling should increase
structural distortion and likely leads to a soft limit in electron
count, which can be tuned by cation substitution. Presumably,
because fewer electrons will fill the anti-bonding conduction
band for M,N than for M,0, nitrides are more amenable to
anti-anatase structures.

Finally, we note B-Mo,N will spontaneously form point
defects leading to the f — 7 transformation. We hypothesize
a driving force for this order-disorder transition in anti-anatase
structures is the reduction of anti-bonding states at the Fermi
level and the creation of variable oxidation states.’® In Fig. S8
(ESIY), we show that y- and B-Mo,N with and without nitrogen
vacancy defects exhibit decreased electronic states and anti-
bonding character near Er when nitrogen vacancies are disor-
dered, supporting y-Mo,N stability and anion-vacancy disorder
as a common defect in other anti-anatase phases.

3.4 Low energy and transport behavior

To better understand the low energy electronic behavior of anti-
anatase, shown to be composed of anti-bonding d states, we
calculated the unfolded electronic band structure for -Mo,N
(Fig. 5a). Parabolic trajectories from crossings near E¢ through-
out the Brillion zone, originating from three Mo-d bands,
signify metallic behavior. These bands are weakly dispersing,
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Fig. 5

(a) The unfolded electronic band structure of B-Mo,N from —1 eV < Ef < 1 eV. (b) Simulated electrical conductivity from 0-700 K at p = &.

(c) Phonon band calculations at 300 K. In the total band structure, significant parabolic band crossings indicate metallic behavior. Darker green bands
indicate those that cross E;. Conductivity calculations demonstrate significant anisotropic behavior between about 50-550 K. At around T = 550 K the
anisotropy reverses and o, > o4, Where g, roughly looses its temperature dependence after 100 K. The phonon band structure demonstrates dynamic
stability at room temperature, with flat degenerate transverse acoustic modes near X and P.
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ranging only from about —1 eV below to 1.5 eV. Hybridized
metal-metal bonding is indicated by overlapping d bands from
near N (g =0, 0.5, 0) to to I" (g = 0, 0, 0). The sharp peaks from
high velocity electrons reflect low effective mass throughout the
Brillion zone, and indicate the conductivity is largely isotropic.
We note that -Mo,N is an enforced semi-metal with a Fermi-
degeneracy when including SOC. The electronic band structure
exhibits weak dependence on spin-orbit coupling, especially
near I' and X (see Fig. S15, ESIt). Topologically relevant points
close to the Fermi level include electron and hole pockets near
E¢around the I' high symmetry point, shown here in the paths
I' - Xand I' —» M. Moreover, the electron pocket near I" forms
a three dimensional cone with high velocity and nearly linear
dispersion similar to semi-metals.””

We next calculate the transport behavior of anti-anatase
Mo,N focusing on the electronic conductivities oy, and o,
(Fig. 5b), presented from approximately 0 K to 700 K. Between
about 50 K and 550 K o,, > 0,,, whereas at room temperature
and just below, conductivity through the anti-bonding Mo-Mo
chains is most substantial.*® However, at low and high tem-
peratures, o,, is greater than o,,. 0, is largely temperature
invariant after 100 K, but o,, decreases nearly linearly after
50 K. The multiple equivalence points (o, = 0,,) demonstrate
that anti-anatase should exhibit temperature and chemistry
tunable conductivity, where we expect filling of the anti-
bonding dominated conduction band to dictate the extent of
electrical transport anisotropy at the operating temperatures.
Finally, we calculated the room temperature (300 K) phonon
dispersions of the primitive cell utilizing a 4 x 4 x 4 supercell
(Fig. 5¢). Acoustic bands reach up to nearly 4 THz and are nearly
flat throughout most of the Brillion zone, overlapping with an
optical band between X and P (g = 0.25, 0.25, 0.25) and later
with three bands on I' - M — S. The set of lower frequency
optical bands, ranging from about 3 to 8 THz, are also generally
flat implying low phonon group velocities. The dispersion over
an extended path at 0 K, 50 K, and 300 K appears in Fig. S16—
S18 (ESIt). The 0 K phonon band structure indicates small
instabilities at a number of points, including I', N, and P
(method dependent, See ESIf). Modulation of the negative I
mode yields a lower energy, ground state Imma structure (see
ESIT). We note that due to N lone pairs, structural distortions in
the anti-anatase bonding, and vacancies in the structure,’®
Mo,N phonons were found to be anharmonic and tools that
rely on the quasi-harmonic approximation®" produced slightly
different phonon band structures. Anharmonic phonon beha-
vior, which can be important for electrides and non-oxide
advanced ceramics, was calculated with TDEP.***>*° Experi-
mentally, the anharmonic phonon spectra are measured with
inelastic neutron scattering and inelastic X-ray scattering through
the whole Brillion zone, and probed near the zone center using
visible light and infrared absorption spectroscopies.>

3.5 Probing potential ambient and high-pressure electride
character

There has been significant research effort dedicated to the dis-
covery of electrides since the synthesis and characterization of
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the first room temperature stable electride [Ca,4Al,5064]"(4€7).%%%
An electride is a compound with an electron acting as an anion.
Quantum trapping of electrons in F-centers have been found in
0D, 1D, 2D, or even 3D. Design principles based on experimental
characterization and high-throughput computation, using charge
density and localization function mapping,**®* loosely define
native electride design rules as (i) possessing a well defined vacant
(multi-dimensional) cavity for electron confinement, (ii) a cavity
size which can effectively support and protect a stable anionic
electron at room temperature, (iii) excess electrons to act as
anions, and (iv) a strong cation to offset the concentrated negative
charge of the confined electron.’* *® Most experimentally verified
and computationally predicted electrides contain closed shell
cations, however partially filled d-shell transition metal electrides
have been reported.69 Mo,N and the general anti-anatase struc-
ture can fit these minimum design requirements; we therefore
explore its potential electride character.

Our electron localization function (ELF) analysis reveals
highly ionic Mo-N bonds (Fig. 6b), indicated by the large ELF
contours between the two ions. There is also considerable
metallic bonding between Mo sites. The partial electron charge
density mapping of Mo,N (Fig. 6¢) depicts the distribution of
electrons in the range of —1.0 eV < E¢f < 0.5 eV. The density
supports d orbital extension throughout and conduction chan-
nels between some neighboring cations. There is little electron
density near the vacancy, which would be expected for an

ELF=0.05
Density=0.0x107 e/A® Density=40.0x107 e/A®
| ]

=

i

Fig. 6 Visualized bonding character of anti-anatase, where (a) is the
structure in the (100) plane. The structural slice shows an ordered vacancy,
surrounding by Mo atoms, in addition to a the highly coordinated anion
site. (b) Electron localization function (ELF) and (c) electron density map
from —1.0 eV < E; — E < 0.5 eV. The ELF demonstrates metal-metal
bonding of the molybdenum atoms. Additionally, the low ELF values
directly between N and Mo supports highly ionic bonding. The electron
charge density shows some Mo-Mo bonding and conduction channels
through slightly increased electron density between Mo atoms. No charge
is found in the vacancy site near the Fermi level, indicating B-Mo is not an
electride. The maximum charge density is 40 x 107%e A~ except for
Mo,N, where the maximum charge density is 75 x 10 %e A=>.

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp05054h

Open Access Article. Published on 30 January 2024. Downloaded on 12/9/2025 1:44:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

electride. Although it follows the aforementioned design rules,
we conclude that Mo,N is not a native electride. We note that
Mo, N shows no electron vacancy confinement under applied
hydrostatic pressures up to 500 GPa based on ELF and partial
charge density mapping verifying 8-Mo,N is not a high pressure
electride.

We were prompted to explore the electride behavior in
cation-substituted anti-anatase compounds. We investigated
the isoelectric, anti-anatase 3d Zr,N, whose charge density
map and ELF do not support electride behavior (Fig. 6b and
c). Next we attempted substitution of closed shell calcium,
which should nominally donate le™ in anti-anatase Ca,N,
and has already been synthesized as a 2D electride in the
anti-CdCl, structure.®® Based on the charge density mapping
and ELF, we observe electronically confined channels, demon-
strating potential electride like behavior. We conclude that
while Mo,N is not an electride, the anti-anatase structure may
support electride character. Furthermore, additional design
rules are necessary to explain the formation of electrides.
In particular, exclusionary rules and an increase in vacancy
structures considered such as M,X anti-structures of typical
oxides, will aide in future electride prediction.

4 Conclusions

We investigated the structure, bonding, and electronic behavior
of anti-anatase, primarily through first principles DOS, COHP,
and band structure calculations of -Mo,N and complementary
compounds. We predict that anti-anatase (i) is robustly metallic
with a partially filled and broad conduction band for most
chemistries, (ii) contains significant metal-metal bonding and
symmetry supported anti-bonding, and (iii) exhibits interesting
electronic behavior, including multiple conductivity equiva-
lence points (o, = 0,) and chemistry dependent electride
behavior. The significant metal-metal bonding is tied to hybri-
dized Mo-d orbitals in 1D cation chains and strong orbital
overlap across the periodic anion vacancy, both of which make
anti-anatase a robust electrical conductor.

We also described an electron filling model, wherein cations
contributing 2 or more d electrons to an anti-anatase nitride
phase will have additional electrons fill an anti-bonding, d state
dominated conduction band that should remain robustly
metallic. By exploring titanium and molybdenum (anti-)rutile
and (anti-)anatase structures, we found both anti-structures
contain highly metallic, disperse conduction bands regardless
of chemistry. COHP calculations confirmed that the conduction
band is primarily anti-bonding, implying that late transition
metals with more d electrons are less likely to adopt the anti-
anatase structure owing to occupation of these destabilizing
states. We further emphasize that because most transition metal
cation choices should locate E¢ within a d-orbital dominated
conduction band, other properties, such as mechanical properties
or surface energy, can be tuned without sacrificing metallicity.

The under-studied anti-anatase crystal structure promises a
unique template for designing interesting properties. Anti-anatase
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accommodates significant anti-bonding between cations, as indi-
cated by a COHP analysis of -Mo,N. Filled anti-bonding states
prompt intrinsic instability and potential for interesting property
design through distortion and subsequent symmetry breaking.
Structural anisotropy also presents an interesting design compo-
nent. The predicted temperature dependent, anisotropic electro-
nic conductivity for f-Mo,N revealed in our study is expected to
persist for others in the anti-anatase family, pointing to hypo-
thetical chemically tunable transport behavior. Moreover, we
explored whether anti-anatase, due to its periodic vacancies,
may enable electride character in -Mo,N and other A,N nitrides
through chemical substitution. We found that anti-anatase Ca,N
is indeed predicted to have trapped anionic electrons. Future
exploration into s-block metal carbides or nitrides within the
cation-rich anti-anatase may lead to new electride prediction.

Throughout this study we highlight the importance of future
investigations of anti-anatase as well as explore possible
mechanisms to increase the conductivity (anion substitution
and unfamiliar anti-structure exploration) of other advanced
ceramics candidates. Coupling of relevant chemistries with
structures that support industrial applications, e.g., in the form
of electrical interconnects for microelectronics, is essential for
rational materials design and should be leveraged. We assert
that the wider composition-structure space comprising car-
bides, nitrides, chalcogenides, heteroanionic materials, etc.,
should be investigated. Given the advent of high-throughput
computational prediction of synthesizability and properties,
and significant advances in synthesis science, we believe this
area of research is overdue for discovery of novel functional
materials.
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