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Ternary spinel oxides are promising materials due to Formation energies

their potentially versatile properties resulting from the disorder ° / AE;,m(Vo)

inherent in their crystal structure. To fully unlock the potential of Density of stat
these materials, a deeper understanding of their electronic structures, DFT+U ensty o %a es
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both as pristine and defective crystals, is required. In the present
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work, we investigate the effects of oxygen vacancies on the electronic HO - : v
structure and charge transport properties of the ternary spinel oxide AT R
Mn,Fe; O, modeled on epitaxial thin films of the material, using \ Small-polaron transport
density functional theory + U (DFT + U). The formation energy of a ;312
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single oxygen vacancy in the spinel cell is found to be large and
unaffected by changes in stoichiometry, in agreement with
experimental results. We find that the immediate vicinity of the
vacancy has a marked impact on the formation energy. In particular,
Mn cations are found to be preferred over Fe as sites for charge localization around the vacancy. Finally, we examine the charge
transport in the defective cell using the formalism of Marcus theory and find that the activation barrier for electron small-polaron
hopping between sites not adjacent to the vacancy is significantly increased, with a large driving force toward sites that reside on the
same (001) plane as the vacancy. Hence, vacancies delay charge transport by increasing the activation barrier, attributed to a
rearrangement of vacancy-released charge on the cations immediately neighboring the vacancy site. These results highlight the
impact of oxygen vacancies on charge transport in spinel oxides.
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theoretically. Studies on (doped and undoped) hercynite
(FeAlL,O,) have shown that the cation configuration around
the oxygen vacancy has a lar§e impact on its formation energy
and its transport kinetics.”*> Oxygen deficiency has also been
reported to improve the performance of spinel cathodes in Li-
ion batteries”* as well as of spinel catalysts for the oxygen
evolution reaction.”

In our recent work,'® we reported that charge transport in
Mn,Fe,_,O, (MFO) is highly dependent on stoichiometry
(ie, the value of “x”). In particular, it was shown both
experimentally and theoretically that the trends in conductivity
can be explained by a decoupling of transport pathways, based
on the elemental pairs (Fe>"/Fe®" or Mn**/Mn**) participating
in electron small-polaron hopping. The presence of oxygen
vacancies in MFO has been observed experimentally through

Oxide materials have been utilized in a wide array of
applications, ranging from photovoltaics' ™ to fuel cells*™°
and electronic’~” and spintronic'®"" devices, whose efficiency
relies on the electronic conductivity of the oxides. Charge
carrier dynamics in oxide materials is often described by small-
polaron theory,'>'® where carriers are trapped on specific sites
due to their interaction with the lattice atoms and their
phonons (leading to the term “self-trapping”). The self-trapped
carrier can propagate through the lattice either by tunneling
(nonadiabatically) or hopping (adiabatically) between pairs of
trapping sites.'* The transport of small polarons in these
systems has been found to be dependent on the type of
hopping pairs in the material," "' allowing the electronic
properties to be tuned through control of the cation disorder in

the system 17 X-ray photoemission spectroscopy (XPS),lé where their
It is widely known that point defects, in particular oxygen -

vacancies, can have significant effects on the electronic and September 25, 2021 MATERIALS @

electrochemical properties of oxides.'® For example, in December 1, 2021

hematite (a-Fe,03), it has been recently reported that oxygen January 12, 2022

vacancies enhance the catalytic performance at the (110) January 27, 2022

facet.'” In wiistite (FeO), the effects of both oxygen20 and
21 . .
iron”" vacancies on small-polaron transport have been studied
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Figure 1. Epitaxially strained Mn,Fe,_ O, (MFO) spinel system. Tetrahedral (T, dark) and octahedral (Oy, light) cations are shown as golden
(Fe) and magenta (Mn) spheres, while oxygen anions are shown in red. (a) Inverse Fe;O, (x = 0, Fe,,04,). (b) Inverse MnyFe, ;O, (x = 0.5,
Mn,Fe,;O3,). (c) Normal MnFe,O, (x = 1, MngFe;;05,). (d) Normal Mn, ;Fe, O, (x = 1.5, Mn;,Fe;,03,). (¢) Normal Mn,FeO, (x = 2,
Mn,FegOs,). (f) Normal Mn, FeysO, (x = 2.5, Mn,Fe,O3,). (g) Normal Mn;O, (x = 3, Mn,,0s,). Crystal structures are visualized using

VESTA.>*

concentrations were found to be relatively uniform across the
stoichiometric range. However, the impact of oxygen vacancies
on MFO, in particular in relation to the transport properties, is
unclear. Elucidating the role of oxygen vacancies in the
transport properties of spinel oxides can provide new
approaches and insights for tuning these materials for specific
applications.

In this paper, we computationally examine the energetics
and effects of oxygen vacancies on both the electronic structure
and transport properties of MFO. In particular, we report the
calculated oxygen vacancy formation energies as well as the
activation barriers and driving forces for small-polaron
transport in the oxygen-deficient cells.

Spin-resolved density functional theory”**” (DFT) calculations were
performed using the Vienna Ab initio Simulation Package (VASP,
version S5.4.4), utilizing the Perdew—Burke—Ernzerhof (PBE)
generalized gradient approximation for the exchange—correlation
functional,”® with core electrons replaced by projector-augmented
wave (PAW) pseudopotentials.””*® Fe, Mn, and O, respectively,
contributed 8, 7, and 6 valence electrons. On-site Coulomb
corrections were introduced for Fe and Mn 3d electrons by adding
a Hubbard U, parameter.’’ The Hubbard terms U,z = U—J used in
this study were 3.61 and 3.3 eV for Fe and Mn, consistent with values
used in previous work on manganese and iron oxides, respectively.’>**

The modeled systems are all 56-atom strained Mn,Fe;_ O, cells
(Figure 1), derived from experimental epitaxial thin-film samples
(grown on a MgO(001) substrate),'® where the two in-plane (IP,
with respect to the substrate) lattice parameters are fixed at a = b =
8.434 A, corresponding to (twice) the MgO substrate’s lattice
constant, and the out-of-plane (OOP) lattice parameter (c) increases
in value as x is increased, from c¢(Fe;0,) = 8.356 A to ¢(Mn;0,) =
9.431 A, resulting in a stronger tetragonal distortion of the cells as the
Mn content increases, which is also observed in bulk samples.** The
lattice parameters are kept constant (for each cell) throughout the
calculations, with the exception of calculations in x = 1 and 2, where
all of the lattice parameters are allowed to relax to examine the impact
of cell volume on the calculations. In all cases, the cells are
ferrimagnetically ordered such that the cations occupying the Oy
sublattice are parallel to each other (spin up) and antiparallel to the
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cations in the Ty sublattice (spin down), following the collinear Néel
model.* The ferrimagnetic ordering has been Previously reported for
Fe;0,,°" MnFe,0,,°*** and Mn,FeO,.*" Defective cells are
created by removing a single oxygen anion from the relaxed 56-
atom cell, thus forming Mn,Fe;_, 05,5 (an oxygen deficiency of § =
0.125) and subsequently relaxing the internal positions of the ions,
while fixing the volume and shape of cells. The cells at stoichiometries
of x = 0 and 0.5 are completely inverse spinels, with Ty sites all
occupied by Fe®* cations, while the remaining cells are all normal
spinels (with Mn** in Tj sites), chosen to correspond with both the
experimental and theoretical results on the preference for inversion
detailed in our previous work as well as previous reports.'®**}

Calculations were performed with a cutoff energy of 600 eV. A T-
point centered 4 X 4 X 4 k-point mesh was used for ionic relaxations
and polaron transport calculations, with a denser 6 X 6 X 6 mesh
employed for density of states and defect formation energy
calculations. The cutoff energy and k-point mesh were tested for
convergence of the total energy to 1 meV/atom. Electronic relaxations
were performed until a convergence threshold of 0.1 meV was
reached. The ionic relaxation convergence threshold was set at a
maximal force value of 0.01 eV/A. Bader charge analysis44 was
performed using the code developed by the Henkelman group.*~*

Oxygen vacancy formation energies AEg, were calculated as
follows:

1
AE =E/* + ~E, — E
form 0 + 2 0, 0 (1)
where E; and Ej*° are the total energies of the pristine and defective
cells (after the internal positions of the ions were relaxed),
respectively, and Eq, = —9.873 eV is the total energy of an O,

molecule in vacuum (after relaxation of the bond length). No
distortion was applied to the cells with the oxygen vacancy prior to
relaxation. To ensure that the energy of the O, molecule is not
affected by molecules in neighboring (periodic) unit cells, the volume
of the cell was kept fixed at 15 X 15 X 15 A>. Since in the calculation
of the vacancy formation energy (eq 1) half of the total energy of the
oxygen molecule is added, any inaccuracy will be applied to all of the
formation energies and thus will not impact the comparative analysis.
With the exception of transport calculations with excess (localized)
charge in the cell, all defective cells were electrically neutral.

We employ the formalism of Marcus theory for electronic processes
in chemical reactions,” ' wherein the initial and final polaron states
are represented by nonadiabatic (or diabatic) energy surfaces. In
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practice, generating Marcus theory curves is done by localizing a
single excess electron on an initial site and subsequently on a
neighboring (final) site. In the same manner used in our previous
study,'® this was accomplished by initially distorting the bonds around
the chosen site®> by 8% and increasing the U, value by 2 eV for all of
the metal ions.”’ U, was increased uniformly so that the effects on
the cations could be comparable between stoichiometries. The bond
distortion creates an initial trap for the excess electron, while the
increased Uy value ensures that the charge remains localized
throughout the transport process and allows a comparison with our
previous results on pristine Mn,Fe,_.0,."® While the increase in U,
is well known to lead to an increase in the band gap of the neutral
material, for the present work the increase in the parameter is used for
the purpose of ensuring charge localization, in particular at
nonequilibrium geometries. The structure was then allowed to relax
(both electronically and ionically) and the localization was verified by
examining the magnetic moment and effective (Bader™) charge on
the chosen site, both of which should correspond to a reduction of the
oxidation state.

Following the charge localization procedure, transport reaction
geometries were generated by linear interpolation of the geo-
metries,”"’ according to

w(@) = (1 = r(0) + qr(1) @)
where r(q) is the position vector at reaction coordinate g. For each
interpolated cell geometry, a single-point (fixed geometry) calculation
was performed to account for the energy needed for charge transport
accompanied by a geometrical change along the reaction coordinate g.
The energy difference AE(q) = Eo(q) — min (Ey(0),E(1)) was then
computed. The resulting AE(q) curve could be described using
Marcus theory, from which we extracted the activation barrier and
driving force for charge transport. The converged wavefunctions from
nearby reaction coordinates g were used as the initial guess for
subsequent calculations. In the present study, we also performed a
similar procedure in the oxygen-deficient cells without the addition of
an excess electron, allowing for strong localization of charge released
by the vacancy onto different vacancy-neighboring octahedral sites.
Localization of charge on a particular cation adjacent to the vacancy
was achieved by initially distorting the M—O (M = Fe/Mn) bonds
around a site located away from the vacancy.

In this section, we present the results of calculations of oxygen
vacancy formation energies and their dependence on
stoichiometry in the MFO system. In addition, we detail the
changes in atomic magnetic moments, effective charges, and
their relation to stoichiometry and cation configuration. We
find that while formation energies are relatively constant
throughout the stoichiometric range in MFO (Figure 2a), they
depend both on the local configuration and the symmetry of
the cells. Finally, we examine how the oxygen vacancy affects
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Figure 2. (a) Oxygen vacancy formation energy AEg,, as a function
of x. For x = 0 (Fe;0,), the results differ significantly between the
symmetry-constrained case (filled square) and the nonconstrained
case (empty square). (b) Charge density difference for the x = 1 case
(MnFe,0,) with an oxygen vacancy relative to the pristine cell.
Positive charge density differences are shown as yellow isosurfaces.
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the transport of charge both around the vacancy and away
from it when excess charge is introduced into the cell.

Oxygen vacancy formation energies, calculated according to eq
1, are nearly constant across all MFO cells tested (Figure 2a
and Table 1), consistent with the uniform concentration of
oxygen vacancies throughout the stoichiometric range,
observed in X-ray photoemission spectroscopy measurements
of the epitaxial thin films."® We note that while the formation
energy is large, ~3.5 eV (Figure 2a and Table 1), it is
consistent both with reports for other spinels”>>~>” and iron
oxides, 195859

At stoichiometries of x = 1 and 2, the vacancy formation
energies are also calculated in cells where the shape and
volume of the cell as well as the internal positions of the ions
are allowed to relax before and after oxygen removal (see items
marked with superscript “c” in Table 1) and the formation
energies (3.98 and 3.50 eV for x = 1 and 2, respectively) show
little deviation from those found for the epitaxial cells (3.93
and 3.33 eV), while the distances between the vacancy sites
and neighboring cations are markedly different (Table S1),
implying that cell shape is not a determining factor for the
vacancy formation energy likely because of the strong
localization of charge around the vacancy. All of the results
that follow in this work are for the strained cells, based on the
experimental thin-film samples, unless stated otherwise. Fixing
the cells at these geometries allows for a more apt comparison
with the experimental results obtained for MFO thin films.'

For the magnetite cells (x = 0, Fe;O,), the results differ
significantly between the cells obtained when enabling or
disabling symmetry constraints from the VASP calculations,
with the unconstrained cell result falling in line with the results
at other stoichiometries (Figure 2a, empty square) and with
previously reported GGA + U results,”” while the symmetry-
constrained cell is markedly lower and consistent with a value
previously reported in the literature.’” The decreased
formation energy for the symmetry-constrained case is the
result of a significantly higher total energy for the pristine cell
(—387.38 eV) as compared to the nonconstrained case
(—388.67 eV). The difference in energies between the
symmetry-constrained and unconstrained cells is attributed
to the energetically favored (at T = 0 K) insulating state
obtained in the symmetry-unconstrained calculation instead of
the half-metallic state obtained when symmetry is enforced in
the calculations. The oxygen-deficient cells have similar
energies (—380.16 and —380.28 eV) as the removal of the
oxygen ion breaks the symmetry sufficiently to result in similar
states in both cases, following relaxation.

The largest formation energy is observed for the x = 1 cell
(MnFe,0,, Figure 2b), implying a dependence of the vacancy
formation energy on the type of cation surrounding the
vacancy site. This unit cell is unique among the cells in that it
is populated exclusively by Fe*" and Mn®" cations in the Oy
and Ty sublattices, respectively. In contrast, the inverse
magnetite cell (x = 0) has Fe’* cations in the T sublattice,
while the O, sublattice is comprised of Fe** and Fe** cations,
in the symmetry-unconstrained cell. For cells at x > 1, Mn
cations are added to the O, sublattice and have a formal
oxidation state of 3+ (in the pristine cell). This implies that, for
the normal spinel, the octahedral Mn** cations reduce the
vacancy formation energy, as will be expanded on below.
Examining the changes (as compared to the pristine cells) in
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Table 1. Oxygen Vacancy Formation Energy (AEg,,,) and Differences in Magnetic Moment (Ap) and Effective (Bader)

Charge (AQ) for MFO Cells”

Ap (ug) AQ (lel)
x in Mn,Fe;_ O, AE,. (eV) 1P OOP Ty 1P OOP T,
0 228 —0.35¢ —0.367 —0.144 0.457 —0.257 —0.25¢ —-0.23 —0.38¢
3.4s" —0.15¢ —0.23¢ —0.067 0449 —0.204 —-0.307 —0.16¢ —-0.387
0.5 3.39 —0.067 —0.05% —0.38¢ 0.437 —0.10¢ —0.09¢ —-0.37¢ —0.39¢
1 3.93 —0.297 —0.287 —0.247 —0.08 —0.247 —0.247 —0.297 —0.11
3.98° —0.244 —0.17¢ —0.257 —0.05 —0.20° —0.20¢ —0.207 —0.09
1.5¢ 3.45 —0.547 —0.22¢ —0.14 -0.11 —0.41¢ —0.29¢ —0.16 —0.15
2 3.33 —0.25¢ 0.67 —0.10 —-0.03 —0.36% —0.33 —0.15 —0.14
3.50° 0.68 —0.35¢ —0.05 -0.01 —0.32 —0.357 -0.10 —0.09
2.5 347 0.64 —0.08 —0.31¢ 0.00 —0.30 —0.13 —-0.367 —0.11
3 343 0.63 0.63 0.01 0.03 —0.29 —0.29 —0.08 —0.05

“IP and OOP refer to cations in-plane and out-of-plane (with respect to the (001) plane) with the vacancy, respectively. *No symmetry constraints.
“Relaxed cell shape and volume before and after oxygen removal. 9Fe cation. “Changing the arrangement of cations around the vacancy allows a

lower formation energy (3.30 eV); see Table 2.
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Figure 3. (a—g) Spin-resolved projected density of states (PDOS) for the oxygen-deficient cells between x = 0 (a) and x = 3 (g). All results are
aligned at the Fermi level. States labeled with subscript “V” (for example, Fe%)iv) refer to cations that are adjacent to an oxygen vacancy.

atomic magnetization, effective (Bader) charges (Table 1),
metal-vacancy distances, and the metal—oxygen bond lengths
in the defective cells (Table S1), we find that charge released
by the vacancy localizes near the vacancy, on the formerly 3+
cations. The differences in the atomic magnetizations and
effective charges are calculated as AX = X,,. — X, (X = p,Q),
where the subscripts “vac” and “0” refer to the oxygen-deficient
and pristine cells, respectively. While in general changes in
atomic magnetization and effective (Bader) charge give a
strong indication for changes in the oxidation state, they can
slightly differ (for example, in the x = 2.5 cell, the T} cation’s
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magnetic moment is unchanged, whereas its effective charge is
reduced by 0.11 lel), consistent with previous literature on
oxides®" and as can be seen in Table 1.

In the inverse spinels (x = 0, 0.5), charge released by the
vacancy localizes on the surrounding (formerly) Fe*" cations,
both in Oy, and Ty sites, reducing them from Fe®* to Fe**. For
the symmetry-constrained magnetite cell, the vacancy induces
charge separation across the O, sublattice in the cell (into
distinct Fe** and Fe? states), in contrast to the delocalized
states (i.e., the intermediate Fe*>* oxidation state) seen in the
pristine cell that does not include a vacancy. Conversely, in the
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nonconstrained magnetite cell, we see no major changes to
magnetization or effective charge away from the vacancy’s
immediate vicinity as a result of excess electrons induced by
vacancy formation, as the octahedral Fe cations were already
split into distinct Fe’* and Fe®" states before the vacancy was
formed, consistent with previous reports on the effects of
symmetry constraints in magnetite.G2

For the normal spinel cells (x > 1), localization is limited to
the O, sublattice, with the tetrahedral Mn** showing only
minor changes in effective charge and negligible changes in
atomic magnetization. This can be explained by the fact that
unoccupied tetrahedral Mn states are much higher in energy,
as is detailed later in the projected density of states analysis.
From the positive charge density difference (i.e., the additional
charge left by the vacancy) in the x = 1 cell (Figure 2b), it can
be seen that the charge localizes equally on the octahedral
neighbors’ 3d orbitals. We note that charge transport
calculations in cells without an excess charge, detailed later
in the text, show that distorting the lattice (and increasing the
U value) can lead to nonsymmetric charge localization
around the vacancy.

Localization on the in-plane (IP, located on the same (001)
plane as the vacancy) Mn cations appears to be energetically
preferred, as we see no localization on the out-of-plane (OOP,
located along the [001] direction from the vacancy) Mn
cation. For the Fe neighbors, the preference for localization on
IP cations is less pronounced, as there are OOP Fe cations that
hold a significant amount of charge, in particular, for the x =
0.5 and 2.5 cells.

In the x = 0.5 cell, the charge is primarily localized on the
OOP (AQ = —0.37 lel) and T; (AQ = —0.39 lel) Fe cations.
Since in the examined cell the two octahedral Fe cations
sharing the (001) plane (IP sites) with the vacancy are
originally in the 2+ oxidation state, a reduction of the oxidation
state would incur a significant energetic cost. Additionally, the
x = 0.5 cell is nearly cubic (c/a &~ 1.001), meaning that the
elongation of the Fe—O bond along the [001] direction is
expected to be equivalent to that along the perpendicular
directions.

For the x = 2.5 case, the charge is localized mainly on an IP
Mn cation (AQ = —0.30 lel) and on the OOP Fe cation (AQ =
—0.36 lel). We explain this apparent deviation from the overall
preference for the IP cations by considering the following.
First, the cell is significantly distorted (c/a & 1.052) and the
5.4% elongation of the Fe—O bond, resulting from the
localization of vacancy-released charge, in the OOP direction is
concomitant with the overall tetragonal distortion of the cell.
Second, since the Mn®' cations exhibit Jahn—Teller
deformation, the OOP Mn** is located farther away from the
vacancy site than the IP cations (Table S1). Consider the x =
1.5 cell where the Fe—vacancy distance (along the IP
directions) is on average 2.00 A, while the OOP Mn cation
is at a distance of 2.18 A. On the other hand, in the x = 2.5 cell,
the IP cations (Fe and Mn) are located at an average distance
of 2.04 A and the OOP Fe—O distance is 2.06 A. We note that
in any of the cells where the OOP cation is a Mn®" cation prior
to oxygen removal (x = 1.5, 2, and 3), the cation is not
observed to be the primary charge-holding site after the oxygen
is removed.

Spin-resolved projected density of states (Figure 3) analysis
shows narrow trap-like states in the vicinity of the Fermi
energy, associated with cations around the vacancy. The
projected density of states for pristine Mn,Fe; O, is given in

~
~
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our previous work.'® The density of states is projected on the
ions around the vacancy (blue and green lines in Figure 3),
with the remaining cations’ states projected according to their
sublattice (i.e., Oy, or Ty). Generally, in the inverse spinels (x =
0, 0.5, Figure 3a,b), the oxygen vacancy leads to states below
the valence band maximum (VBM), whereas for the normal
spinels (x > 1), the states associated with the vacancy-
neighboring ions are located inside a gap formed by the ions
that are not adjacent to the vacancy, which is attributed to the
band gap of the pristine material.'® For the magnetite cell, we
see that both the T4 and Oy, cations around the vacancy form
sharp peaks below the VBM (Figure 3a, blue lines), while no
vacancy-induced states are seen inside the band gap. In the x =
1 cell, we observe the vacancy-induced states forming inside
the band gap (Figure 3, light blue lines), associated primarily
with the octahedral Fe cations located near the vacancy. In-gap
states are also seen for the x = 2 cell, here associated with both
octahedral Fe (spin down) and Mn (spin up) cations and
located closer to the VBM (Figure 3e, light blue and green
lines). In Mn;0,, two trap states are formed inside the band
gap, one near the conduction band minimum and the second
lower in energy and near the VBM (Figure 3g, light green
lines). For the normal cells (x > 1), no states close to the
Fermi level are associated with the tetrahedral cations, in
contrast to the results for the inverse spinels. In all cases, the
resulting states associated with cations near the vacancy are
highly localized, indicated by their sharpness in the density of
states plots.

The vacancy formation energy increases with the number of
Fe nearest neighbors, as shown for the normal x = 1.5 cell
(Figure 4, Table 2, and Figure S1). The formation energy

4.0

3.0-

o 1 2 3
Fe neighbors

Figure 4. Oxygen vacancy formation energy as a function of the
number of Fe neighbors (in Oy, sites) in the normal x = 1.5 cell, with
the remaining cations being Mn. For two Fe neighbors, the solid bar is
the configuration where one of the in-plane neighbors is Mn, while
the slash-hatched bar is the configuration where the two in-plane
neighbors are Fe.

obtained with three Oy Fe neighbors around the vacancy site
(the fourth neighbor being the Ty Mn®" cation) in the x = 1.5
cell (3.84 eV) is consistent with the value found in the x = 1
cell, where all O, neighbors around the vacancy are Fe,
implying that the reason for the large formation energy in the x
=1 cell (3.93 eV, Figure 2a) is indeed the number of Oy Fe
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Table 2. Oxygen Vacancy Formation Energy (AEi,,,) and Differences in Magnetic Moment (Ay) and Effective (Bader)
Charge (AQ) for Different Configurations of Neighbors Around the Oxygen Vacancy at x = 1.5

Ap (pp) AQ (lel)
Fe neighbors AE,., (eV) P OOP Ty P OOP Ty
0 3.30 —0.16 0.67 -0.14 -0.10 —-0.22 —0.40 -0.17 -0.23
1 3.34 0.67 —-0.09 —0.24" —-0.03 -0.37 —0.15 -0.33" -0.14
2 3.5 -0.17° 0.67 -0.16" —0.04 -0.23° -0.36 -0.20" -0.14
2 3.64 -0.23" —0.54" -0.12 —0.09 -0.30" —0.46" -0.15 -0.15
3 3.84 -0.15" -0.54" -0.19" -0.06 -0.19" —0.44" -0.26" -0.12
“IP and OOP refer to cations in-plane and out-of-plane (with respect to the (001) plane) with the vacancy, respectively. bFe cation.

cations neighboring the vacancy site. The stoichiometry of the
cell is maintained at x = 1.5 (Figure S1) throughout the
calculations (i.e., each cell has 12 Mn and 12 Fe cations, with a
different arrangement). Due to the highly localized nature of
the vacancy-induced charge ordering observed in this work, we
expect the results to be qualitatively applicable for other
stoichiometries.

In general, we find that the charge preferentially localizes on
one of the IP neighbors (on the (001) plane with the vacancy),
with the OOP neighbor and the tetrahedral site holding a
smaller amount of charge in comparison, as seen in the changes
in atomic magnetizations and effective charges (Table 2). For
example, in the case of a single Fe neighbor around the
vacancy, one of the IP Mn cations sees the largest changes in
magnetization (Ay = 0.67 pg) and effective charge (AQ =
—0.37 lel). Comparing the cases where the vacancy has two Fe
neighbors and two Mn neighbors (both formerly Ty and Oy,),
we see that the formation energy is higher if both Fe cations
are located on the IP sites (3.64 eV, slash-hatched bar in Figure
4 and Table 2), in comparison with the case where the IP
cations are Fe and Mn (3.55 eV), and the charge localizes
primarily on the Mn cation. This preferential localization on
Mn has been observed for other oxides® as well as in the
epitaxial MFO system in the context of small-polaron
formation.'® This result is likely due to larger energy gain
when forming a Mn** cation, as compared with the formation
of an Fe?* cation—both in terms of ionization potentials and
exchange interactions between like-spin electrons on the
cations. We would thus expect to see more Mn-coordinated
oxygen vacancies (with the charge-holding Mn cations located
on the same (001) plane as the vacancy).

Transport calculations near the vacancy in the normal x = 1
(MnFe,0,) cell show that charge localized on an Fe cation
near the vacancy (Figure Sa, blue and green arrows) can
transport to other vacancy-neighboring cations with a low
activation energy (~0.12 eV as seen in the energy barrier of
Figure Sb), as compared with transport of excess charge in the
pristine, undefective cell (~0.24 eV).'"® We note that charge
transport calculations are limited to octahedral cation pairs, as
formation of tetrahedral Mn>' cations requires a significant
increase in the total energy, as detailed in our previous work."®
Transport between the cations on IP sites (labeled NV}, and
NVpp, in Figure Sa) results, as expected, in a symmetrical
Marcus curve (Figure Sb, blue) as these are symmetrically
equivalent states. Charge localized on the IP cations results in
magnetic moments of 3.75 and 4.18 py (Ap = —0.43 pg) and
effective charges of 1.22 lel and 1.48 lel (AQ = —0.26 lel), on
the donor and acceptor states, respectively, indicating that
distorting the bonds and increasing the U,g value produces a
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Figure S. (a) Defective x =
(NVip;, NVp,, and NV0p) are marked by blue (in-plane, IP) and
green (out-of-plane, OOP) arrows. The oxygen vacancy site is marked
by the empty black circle. (b) Marcus theory curves for the near-
vacancy transport.

1 cell. Near-vacancy transport pairs

state with nonsymmetric localization around the vacancy.
Charge localized on the OOP cation (NVgop) leads to
magnetic moments of 3.75 and 4.19 uy (Au = —0.44 ug) and
effective charges of 1.23 lel and 1.49 lel (AQ = —0.26 lel), for
the donor and acceptor states, respectively. Transport between
the IP and OOP (NVyp; < NVgop and NVyp, <> NVgop) sites
neighboring the vacancy shows a small driving force of ~0.02
eV, with the IP sites favored energetically (Figure Sb, light and
dark green). The driving forces for transport between the IP
and OOP sites are attributed to the fact that these sites are not
symmetrically equivalent since the cell is tetragonally
deformed. In all cases, the resulting curves are quadratic, and
the charge is localized on either of the endpoint sites, both
characteristics of nonadiabatic Marcus curves.

The near-vacancy transport results imply that inducing a
large amount of oxygen vacancies could have a twofold effect
on conductivity in the material. First, increasing the oxygen
vacancy content leads to an increase in the number of excess
charge carriers, as each vacancy releases its two electrons to the
nearby cations, forming more Fe®* cations. Second, transport
of charge localized around the vacancy has a lower activation
energy, as compared to transport between pairs in the pristine
bulk. While both of these points may improve the conductivity
of the material, they rely on the formation of a network of
vacancies, and there is no indication of how the vacancy will
affect charge transport between cations that do not neighbor it
directly.

When excess charge is transported between sites that are not
immediately adjacent to the vacancy (Figure 6), the activation
barrier for transport is increased (~0.36 V), as compared with
transport in the pristine x = 1 cell (~0.24 eV)."® The results
for Fe/Fe transport in the pristine cells, as reported in our
previous paper, are relatively constant throughout the
stoichiometric range and exhibit the same nonadiabatic
character as those seen in Figure 6b. To examine the effect
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Figure 6. (a) Defective x = 1 cell with the excess charge transport
pairs (IP1, IP2, and OOP) marked by black (in-plane, IP) and teal
(out-of-plane, OOP) arrows. The oxygen vacancy site is marked by
the empty black circle. (b) Marcus theory curves for transport of
excess charge in the oxygen-deficient cell. The empty markers mark
the intersection of the curves, which is the nonadiabatic activation
energy.

of the vacancy on excess charge transport, charge was localized
on a set of three sites (Figure 6a), two of which are in
equivalent positions relative to the vacancy (IP1 and IP2, black
double-headed arrow in Figure 6a) and the third out of the
(001) plane of the vacancy (OOP). Transport curves were
then calculated for the two pairs indicated by the black and teal
arrows in Figure 6a. Transport between the sites that are
symmetrical with regard to the vacancy (Figure 6b, black)
results in a large barrier (0.36 eV, the intersection of the two
quadratic curves) as well as a small driving force (0.06 eV).
The activation energy for hopping between nonsymmetrical
sites (Figure 6b, teal) is slightly larger still (0.37 eV) with
nearly twice the driving force (0.11 eV). The larger driving
force is likely the result of the OOP cation being farther away
from the vacancy site (at a distance of 6.18 A from the position
of the removed oxygen in the pristine cell) as compared with
the IP cations (4.68 A), implying that the electrons are driven
toward the vacancy site. In both cases, the excess electron is
strongly localized at either the initial or final site throughout
the transport process, indicating that the resulting quadratic
curves are characteristic of nonadiabatic transport, providing
an upper bound for adiabatic (hopping) transport.

The localization of excess charge away from the vacancy
leads to a rearrangement of the charge adjacent to the vacancy,
in such a way that the localized electrons, both the excess
electron and the charge donated by the vacancy, are located at
the maximal distance from one another (Tables S2 and S3).
For example, when an excess charge is localized on IP1, the
vacancy-induced charge is predominantly localized on the
NV;p, site located at a maximal distance of 5.96 A (Table S2)
from IP1. The resulting intermediate geometries therefore have
simultaneous transformation of the geometry around the
transport pair (far from the vacancy) as well as around the
vacancy. This result indicates that the elevated activation
energies are the outcome of a convolution of two transport
events: the excess charge transport and the transport of charge
localized around the vacancy. Indeed, summing the activation
energy of transport in the pristine cell (Ea,P = 0.242 eV)'° with
the (averaged) activation energy for charge transport near the
vacancy ((E,y,) = 0.117 eV) leads to a value of 0.359 eV,

nearly identical to the activation energy obtained from the first-
principles calculations for transport of excess charge in the
defective cell. Therefore, we hypothesize that charge transport
far from the vacancy should not be affected by the vacancy,
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provided that it is sufficiently distant so that the excess charge
cannot interact with the charge localized around the vacancy.

The charge transport calculation results imply that
controlling oxygen content could provide another meaningful
avenue for tuning the transport properties of MFO, with more
intricate outcomes than simply increasing the charge carrier
concentration through the release of electrons onto the metal
cation networks. Since transport between cations that are
nearest neighbors to the vacancy is markedly lower in
activation energy, the formation of percolation pathways that
connect the vacancies through metal cations could result in a
better conducting material. Additionally, since the charge
preferentially localizes on and transports between in-plane
cations in the epitaxial cells, the introduction of oxygen
vacancies can produce an inherent anisotropy for charge
transport. In contrast, for cases where excess charge is
transported through a material, creating oxygen vacancies
could hinder transport, increasing resistivity, by forcing a dual
transport process where the charge around the vacancy must
accommodate the movement of charge farther away from the
vacancy.

In summary, we examined the effect of stoichiometry on the
oxygen vacancy formation energy in epitaxial cells of
Mn,Fe;_,O, and found it to be nearly constant for values of
x > 0 at ~3.5 eV, in agreement with the uniform vacancy
concentration seen in XPS measurements.'® Charge local-
ization around the vacancy is markedly different for the inverse
and normal spinels, with the tetrahedral Fe*" reducing to Fe*
for the former, while only the octahedral (Mn and Fe) sites are
involved for the latter. Additionally, it was found that the
charge preferentially localized on the in-plane Mn cations
around the vacancy site. We found that the oxygen vacancy
formation energy increases as the number of Fe cations
neighboring the vacancy site is increased, indicating that
vacancies are likely to form at clusters of Mn cations. Charge
localized in the immediate vicinity of the vacancy has a low
activation barrier for transporting between both equivalent (in-
plane) positions as well as non-equivalent (out-of-plane)
positions. Excess charge localized in the cell is affected
significantly by the presence of the vacancy, showing an
increase of ~0.1 eV in the activation barrier as compared with
transport in the pristine cell. The increase in the activation
barrier for excess charge transport is found to be due to a
concurrent transfer of charge adjacent to the vacancy, in a
manner that maintains maximal distance between the excess
charge and the vacancy-induced charge. These results provide
insights into the effects of vacancies in high-order spinels and
could help in tuning these materials’ electronic properties,
perhaps by inducing a preferred directionality for charge
transport near the vacancy.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00051.
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