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Half-metallic materials play a key role in the development of spintronics, but few suitable materials are
known. Continuously varying the ratio of two anions in a single material offers one route to enhance
half-metallic behaviour. Here we report the effect of varying the oxide-fluoride ratio in ReOsz-type
niobium oxyfluoride NbO,_,F1,, using ab initio calculations. Increasing the fluorine content from NbO,F
to NbFsz leads to a transition from semiconducting, through metallic, to half-metallic behaviour as x
increases. The effect of pressure on this behaviour is also investigated, finding a transition from cubic to
rhombohedral symmetry for all compositions below a maximum transition pressure of 5 GPa for
x = 0.35. Additionally, we reveal that compositions close to NbFz are expected to retain rhombohedral
symmetry under ambient pressure. The structural phase transition and electronic behaviour are
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application of moderate pressure can drive the material from metallic to half-metallic, offering a new
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|. Introduction

The next generation of computational devices will require novel
materials to meet the technological demands of data proces-
sing and storage. Spintronics is concerned with utilising the
electron spin degree of freedom, in addition to electron charge,
for the development of smaller components and increased
data-processing speed whilst also decreasing overall power
consumption." The phenomenon of half-metallicity arises in
some magnetic materials where the material is conducting for
one electron spin direction, either up or down, whilst semi-
conducting or insulating in the other. This concept was first
introduced in 1983 and the spin control properties of these
materials play a crucial role in the field of spintronics.” In spite
of this long history, most existing half-metals do not meet the
needs of functional spintronics devices, therefore better half-
metallic candidates need to be developed.

Atomic doping is one strategy known to induce half-
metallicity,>™ improve thermal stability,® increase conductivity”
and increase magnetoresistance.® Solid solutions — where dopant
composition can be continuously varied between two parent
compounds - provide even greater flexibility in tuning physical
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possibility for controlling spin currents.

properties. One flexible approach towards solid solutions are
mixed-anion materials, containing multiple anions in a single
phase. This approach offers a route towards tuning composition
while maintaining the cationic interactions important for many
properties, however, the number of such materials is currently
limited.” Niobium oxyfluorides are one particular class of mixed-
anionic materials of interest for functional applications: the vari-
able oxidation state of niobium; similar ionic radii of oxygen and
fluorine; and higher covalency of Nb-O bonds ¢f Nb-F bonds
leads to direct control of physical properties through variable
oxygen:fluorine ratios. These materials are built around corner-
sharing Nb(O,F)s octahedra, with a number of shear-related phases
also known."®"* The simplest structure observed in the family is
that of cubic ReO; (Fig. 1a) and this structure has been reported
across the entire NbO,_,F;., solid solution, ranging from x = 0
(NbYO,F) to x = 2 (Nb™F;)."* ™ Such ReOs-type (oxy)fluorides are of
wide interest, with a range of properties including lithium
incorporation for battery applications'®'” or negative thermal
expansion as in ScF;.'® The latter property is linked to a cubic to
rhombohedral transition apparent in many ReO;-type
trifluorides,"* caused by octahedral rotation around the [111]
crystallographic direction (a"a a~ in Glazer’s tilt notation).”*
Such a transition has also been observed in NbO,F under a
relatively low hydrostatic pressure of 0.47 GPa (Fig. 1b).**
Electronically, NbF; has been predicted to be half-metallic,*®
with a large minority spin band gap (8.9 eV) that would
minimise spin flipping within a real spintronic device.”” In
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Fig.1 Structures

reported for
(a) cubic (Pm3m) and (b) rhombohedral (R3c) polymorphs. Structures are
aligned to show the relationship between unit cells (shown as black lines).
Nb shown as red spheres/polyhedra, O/F as blue spheres (figures created
using VESTA v3.5.7).2°

NbO, ,Fi,x compositions showing

contrast, NbO,F is known to be a wide band gap semiconductor
with a band gap of 3.1 eV.>® However, there is no information
on the electronic structure of the intermediate solid solutions.
It is therefore unclear how half-metallicity arises in NbF; and
also how the band structure is modified to reach semiconduct-
ing NbO,F. Here, we report electronic structure calculations
across the NbO,_,F,,, solid solution to understand the rela-
tionship between electronic structure, half-metallicity and anio-
nic composition. In addition, we describe the effect of anionic
composition on the cubic to rhombohedral phase transition
under applied pressure.

[I. Methods

All first-principles calculations were performed using a DFT+U
approach implemented in CASTEP (v18.1) by the rotationally
invariant approach proposed by Dudarev et al.>**° The general-
ised gradient approximation (GGA) Perdew-Burke-Ernzehof
(PBE) exchange-correlation functional was used for all calcula-
tions. A Hubbard U parameter of 3.5 eV was chosen to match,
as closely as possible, the previously predicted NbF; minority
spin band gap (Fig. S1, ESIT). The U correction was applied to
the niobium d orbitals. The electronic ground state was found
by the density-mixing algorithm with a mixing amplitude of 0.6
and 1.5 for the charge and spin density respectively. The default
CASTEP (v18.1) ultrasoft pseudopotentials were used for oxygen
and fluorine whilst the Materials Studio pseudopotential was
used for niobium. The electron wave functions were expanded
as plane waves up to a cut-off energy of 850 eV. For the
sampling over the Brillouin zone, a Monkhorst-Pack®" k-point
grid spacing of 0.03 A~" was used. The cut-off energy and k-
point grid spacing were chosen so that the final energy con-
verged to +4 meV (Fig. S2, ESIt). Geometry optimisation and
density of states calculations were performed using single
primitive cubic (ICSD #25596) and rhombohedral (ICSD
#280539) cells.****7** To examine antiferromagnetic ordering,
single point energy calculations were performed for a cubic
2 x 2 x 2 supercell. Mixed oxygen/fluorine calculations were
performed by applying the virtual crystal approximation (VCA)
so that anion sites are treated as a stoichiometric mixture of
oxygen and fluorine potentials. External pressure values were
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specified as a tensor within the CASTEP geometry optimisa-
tions, with atomic positions and cell geometry optimised with
the constraint of either cubic or rhombohedral symmetry.
Density of states processing and optical band gap calculations
were performed using OptaDOS (v1.2).>> Analysis of octahedral
distortion was performed by fitting of a minimum bounding
ellipsoid using the PIEFACE (v1.1.0) software package.*®

I1l. Results and discussion
A. Magnetic ordering

Self-consistent energy calculations at different unit cell
volumes for NbOF, and NbO,sF;s with different magnetic
configurations (Fig. 2) were fitted to a third order Birch-
Murnaghan equation of state.’” These results indicate that a
ferromagnetic (FM) ordering of spins is significantly more
stable for both compositions by approximately 0.06 eV and
0.01 eV per formula unit, respectively. This contradicts the
previous assertion that FM ordering will be lost on the addition
of oxygen to NbF;,>” although it is unclear whether these
previous results relate to surface calculations. Many of the
calculations show difficult convergence to the desired magnetic
state on account of a shallow potential energy landscape and
low magnetic moments; only the FM calculation could be
reliably converged at all volumes for both compositions. In
particular, antiferromagnetic (AFM) calculations for NbO, sF; 5
(Fig. 2c) often resulted in non-magnetic occupations of Nb t,,
orbitals (Fig. S3, ESIT). Despite this, all AFM or non-magnetic
states obtained are significantly higher in energy than the FM
state except when extremely compressed.
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Fig. 2 (a) Trial magnetic configurations in cubic NbO,_,F;., with corres-
ponding symmetry labels. Nb atoms shown as red spheres, arrows indicate
magnetic moment directions. Calculated energy for each configuration,
including non-magnetic (NM), at different unit cell volumes is shown for
(b) NbOF, (x = 1) and (c) NbO; sF; 5 (x = 0.5). Dashed lines show Birch—
Murnaghan fits.
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B. Electronic band structure

Representative band structures and partial density of states
(PDOS) results for NbO, ,F;., are shown in Fig. 3. For each
composition x, the cubic ReO; lattice parameter was optimised
enforcing FM ordering. In each case, the minority spin band
gap and overall spin density have been extracted and are
summarised in Fig. 4. NbO,F is correctly predicted to be a
semiconductor with a band gap of 3.4 eV, in close agreement to
the experimental value of 3.1 eV.>® The PDOS for NbO,F
(Fig. 3a) shows the valence band is dominated by the O 2p
states whilst Nb 3d states dominate the conduction band.
Comparing this result with the PDOS for NbO, gF;, (Fig. 3b),
the effect of increasing the fluorine content is to reduce Nb(v)
towards Nb(wv), donating electrons into the conduction band.
This leads to a transition from semiconductor to metal for
small x.

As well as inducing a metallic phase, increasing the fluorine
content x increases the number of unpaired electrons per
niobium, resulting in an increase in overall spin density
(Fig. 4). This leads to an increase in the energy difference
between the Nb 3d majority and minority spin bands as the
majority band occupation is increasingly stabilised, until a
transition to a half-metallic phase occurs between x = 0.20
and x = 0.44. There is some uncertainty in this transition with
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Fig. 3 Selected band structure diagrams and PDOS for (a) semiconduct-
ing NbOF; (b) metallic NbO; gF1, and (c) half-metallic NbOg oF, 1. PDOS
(and band structures in (a)) are separated by spin direction with the
majority (spin up) spin state on the right and minority (spin down) spin
state on the left.
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Fig. 4 The variation in minority spin band gap and spin density with
composition for cubic NbO,_,F;.,. The dashed line indicates the number
of unpaired electrons per unit cell indicating the maximum spin density.
The semiconducting, metallic and half-metallic phases are indicated by
red, orange and yellow shading respectively.

several borderline half-metal/metal results, indicated by the
overlapping shaded area in Fig. 4. This uncertainty reflects the
proximity in energy of metallic and half-metallic states in this
region, and the corresponding difficulties in achieving a robust
self-consistent minimum energy. The splitting between the
minority and majority Nb 3d spin states can be seen in
Fig. 3c showing the half-metallic state for x = 1.1. Furthermore,
Fig. 4 shows an increase in the minority spin band gap as x
increases corresponding to this splitting. The dispersive nature
of the conduction bands (Fig. 3a) indicate this half-metallic
phase should have good conductivity, desirable for spintronics
applications.

The dashed line in Fig. 4 corresponds to the number of
unpaired electrons per unit cell and therefore the maximum
spin density. From this, it is clear the spin density is equal to
the number of unpaired Nb electrons for the half-metallic
phase. This is due to the presence of only majority spin states
close to the Fermi level which leads to a theoretical 100% spin
polarisation. However, as the splitting between the spin states
decreases and the phase becomes metallic there are also
minority spin states at the Fermi level (Fig. 3b). This results
in a deviation from the ideal 100% spin polarisation, eventually
resulting in a loss of magnetic ordering around x = 0.14.

The electron density distribution for a cross-section of the
NbF; and NbO,F unit cells is shown in Fig. 5. As expected, the
charge density is more delocalised in NbO,F due to the more
covalent character of the Nb-O bonds. The highly electronega-
tive fluoride, however, results in a more localised charge
density for NbF;.>® The increasing covalency as x decreases
corresponds to an increasing anionic contribution to the states
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Fig.5 The DFT calculated electron density for (a) cubic NbFz and
(b) cubic NbO,F, both for the (100) plane with a minimum isosurface of
0.1 electrons/Bohr®.

near the Fermi level, driving the reduction in minority spin
band gap.

C. Crystal structure under external pressure

Given the relatively low-pressure transition to a rhombohedral
structure for NbO,F,*® DFT+U calculations were also performed
at elevated external pressures using a rhombohedral unit cell
(Fig. 1b) in order to allow additional degrees of freedom for
octahedral tilting and distortion during the geometry optimisa-
tions. The quality of the rhombohedral geometry optimisations
was evaluated by comparison with experimental results for
NbO,F (Fig. S4, ESI{).>**° For the cubic structure at ambient
pressure there is good agreement between the experimental
and computational results. However, at elevated pressure, the
lattice parameter is slightly underestimated, and the cell angle
overestimated on the order of 2°.

Comparison of the final enthalpy of these optimisations
indicate all compositions are predicted to undergo a cubic to
rhombohedral phase transition with pressure, while NbO, ;F, ;
and NDbF; are both rhombohedral at ambient pressure. Transi-
tion to the rhombohedral structure occurs by a tilting mecha-
nism of the rigid octahedra which can be quantified by an
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1
octahedral rotation, @ = tan~! {2\@(5 — y)] , where y is the

anion fractional coordinate.’’ The results of the geometry
optimisations in terms of this octahedral rotation are shown
for each composition and pressure in Fig. 6a. For higher
fluorine compositions, the octahedra also experience a trigonal
distortion with equal length Nb—(O/F) bonds no longer oriented
at 90° to each other. This distortion can be quantified by fitting
a minimum bounding ellipsoid to the octahedra and calculat-
ing the standard deviation of its principal radii, ¢(R), the results
of which are shown in Fig. 6b.*® An attempt to determine the
transition pressure using a common tangent approach (Fig. S5
and S6, ESIt) produced large errors at higher x compositions
due to the low curvature of the rhombohedral energy against
volume, therefore @ was used to identify the transition pres-
sures shown in Fig. 6.

Previous experimental work reported NbF; as adopting a
cubic ReOs;-type structure,'* however the present results sug-
gest a rhombohedral phase is more stable. One explanation
may be that the synthesised NDbF; actually contained some
quantity of oxygen. The method used for stoichiometric analy-
sis of the final products is unspecified although a titration
approach was likely used and could be inaccurate.' It has also
been suggested that NbF; cannot be synthesised without some
quantity of oxygen being present.*!

From these results the transition pressure obtains a max-
imum at approximately x = 0.35, close to one additional
electron per three niobium(v) ions. Similar cubic to rhombohe-
dral transitions in other ReOs;-type structures are typically
governed by cationic repulsion; the reduction in Nb-Nb dis-
tance observed in the rhombohedral structure is unfavourable
for highly charged cations.**** As such, the transition pressure
is expected to decrease with decreasing cation charge, as is
observed for x > 0.35. For x < 0.35 a different energetic
contribution must therefore drive the increase in transition
pressure with x. We attribute this to the greater covalency of Nb-O
bonds ¢f. Nb-F bonds. The increased covalency drives hybridisation
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Fig. 6 Structural parameters as a function of pressure and composition for rnombohedral NbO,_,F1,,. Results are colour coded by (a) octahedral
rotation and (b) octahedral distortion. The red dotted line indicates the cubic to rhombohedral phase transition.
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between O 2p and 2s orbitals, which in turn causes the Nb-O-Nb
bond angle to shift away from 180° and oxygen lone pairs to occupy
the vacant space within the ReO; framework. The lone pairs can be
seen from electron localisation function (ELF) calculations (Fig. S7,
ESIt). This effect is strong enough to reduce the transition pressure
for small x, in spite of the significant electrostatic repulsion
between adjacent Nb(v) ions.

D. Electronic structures under pressure

In order to determine the effect of the structural transition and
increasing pressure on the electronic structure, a full
composition-pressure phase diagram for both cubic and rhom-
bohedral geometries is presented in Fig. 7 (individual cubic and
rhombohedral results are shown in Fig. S8, ESIt). The transi-
tion from semiconducting NbO,F to a metallic phase on doping
with fluorine is maintained at all pressures, as is the metallic to
half-metallic transition with x. NbF; is predicted to be semi-
conducting for the most stable rhombohedral phase (in con-
trast to previous cubic predictions).

For NbO,F, the structural transition to a rhombohedral phase
with pressure has no significant impact on the electronic proper-
ties. The phase remains semiconducting with a large band gap
between the oxygen 2p and niobium 3d states (Fig. S9, ESIt),
although the band gap does show a slight increase (less than 1 eV)
with pressure. Additionally, the octahedral splitting in the Nb 3d
band is more pronounced for the rhombohedral structure. These
effects are due to narrowing of the 3d bands due to the octahedral
tilting, caused by the reduced overlap efficiency between niobium
3d ty, and anion 2p states.”™ This is supported by an observed
increase in the octahedral splitting with octahedral rotation.
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Fig. 7 Summary of structural and electronic results for NbO,_,F;. across
the composition range 0 < x < 2 and for pressures up to 16 GPa. Each
point represents the magnitude of majority (spin up) and minority (spin
down) optical band gaps, while the solid black line indicates the transition
between metallic and half-metallic behaviour. The cubic to rhombohedral
structural transition is shown by the red dotted line.
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The most significant observation from the phase diagram
(Fig. 7) is the co-occurrence of the transition between metallic
and half-metallic behaviour with the cubic to rhombohedral
phase transition, observed for compositions around x = 0.35
and pressures of 3-5 GPa. This can be understood by comparing
the density of states for each symmetry for x = 0.35 (Fig. 8a and b,
corresponding band structures in Fig. S10 and S11, ESI}). Increased
narrowing of the minority spin 3d bandwidth in the rhombohedral
phase causes it to become unoccupied, resulting in a half-metallic
state. In contrast, the broader cubic 3d band (driven by more
effective overlap between Nb and O orbitals) causes it to be partially
occupied, maintaining a metallic state.

Examination of the PDOS for rhombohedral NbO, ;F, ; and
NDbF; (Fig. 8c and d and Fig. S12-S14, ESIt) shows an additional
splitting in the niobium 3d states absent at higher oxygen
compositions. This is caused by the trigonal distortion of the octahedra
discussed previously (Fig. 6b) with the effect that the cubic 3d t,, states
are split into a combination of occupied e, and unoccupied a;, states.
The resulting electronic gap (0.9 €V) allows NbF; to maintain spin
polarisation whilst being semiconducting, and contrasts with pre-
vious predictions of half-metallic behaviour for x = 2.'**

E. Effects of anionic ordering

In order to evaluate the effects of anionic ordering on the
electronic structure, we performed calculations based on a
2 x 2 x 2 supercell with different arrangements of oxygen
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Fig. 9 PDOS calculated from an ordered supercell for (a) cubic NbO; sF; 5
and (b) cubic NbOF,. PDOS are separated by spin direction with the
majority (spin up) spin state on the right and minority (spin down) spin
state on the left.

and fluorine across the anion sites. These ordered models do
not match the true anion arrangement (which exhibits local O/F
ordering without 3-dimensional periodicity) but allow devia-
tions from the VCA model due to anion ordering to be studied.

Calculations for NbO,F with different anion arrangements
reveal that a semiconducting state is retained with anion
ordering, but the O,, and F,, sub-bands split according to
the differing electronegativities of these species (Fig. S15, ESIt).
The resulting bandgaps (1-2 eV) are smaller than the experi-
mental value, but will be highly dependent on the Hubbard on-
site repulsion term. Similar supercell models for cubic
NbO, 5F; 5 and NbOF, (Fig. 9) show the same splitting of O
and F sub-bands, but the half-metallicity observed from the
VCA model is retained. Different anion ordering patterns
(Fig. S16 and S17, ESIt) result in changes to the width of the
anion p-bands, but the half-metallicity occurs as a result of the
splitting of niobium 3d states which are independent of anion
order. In real materials, we anticipate that the anion disorder
will result in a DOS intermediate between the VCA and super-
cell model results presented here.

V. Conclusions

Our first-principles calculations have predicted half-metallicity
over a wide range of compositions in the NbO, ,F;,, solid
solution. Half-metallic behaviour is expected to occur in both
cubic and rhombohedral structures for 0.44 < x < 2, and could
allow the electronic band structure to be continuously tuned by
varying anionic composition.

The impact of external pressure on the ReO;-type structure
and the electronic properties of NbO,,F;,, has also been
explored. Anionic control over the cubic to rhombohedral
phase transition is predicted with a maximum transition pres-
sure of 5 GPa for x = 0.35. The trigonal octahedral distortion
expected in NbF; is found to produce a spin-polarised semi-
conducting phase rather than the previously predicted half-
metallic cubic phase.”” The cubic to rhombohedral phase
transition is also found to be the driving force behind half-

1796 | J Mater. Chem. C, 2023, 11,1791-1797
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metallicity in compositions around x = 0.35. This is caused by a
narrowing of the Nb 3d t,, band as a result of octahedral tilting.
This structural control over half-metallicity could potentially be
exploited to give materials that could be switched between
metallic and half-metallic states under moderate applied pres-
sure. Such behaviour would present a new approach in con-
trolling spin currents for spintronic devices.
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