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Sr,FeO,_s is a first-order Ruddlesden-Popper perovsike-type material, prospective as a positrode (O-
electrode) material for solid oxide and protonic ceramic electrochemical cells. By means of DFT + U, oxygen
vacancies (V') and interstitials (O;/) have been modelled in a broad oxygen stoichiometry range of § = 0.125 to
0.5. For each § value, all symmetry inequivalent configurations were identified, yielding the V¢’ formation energy
in the range of 2.0-2.4 eV, almost independent of § (unlike for simple perovskites). We assign the individual
Fe charge states in Sr,FeO4_; (“oxidation state map”) based on magnetic moment and average Fe-O distance.
Interestingly, V¢ and Fe* energetically prefer not to be nearest neighbors. Regarding oxygen interstitial species,
a Sr—O%‘—Fe defect is the most stable form. Oxygen interstitial transport mechanism occurs predominantly
within the SrO layer with the intermediate formation of a single oxide O?~ and an average barrier of 0.5 eV.
Oxygen vacancy migration is preferred along a zig-zag path within the FeO, layer with an effective barrier of
0.6 eV. The comprehensive analysis of Sr,FeO4_s—serving as prototype also for higher Ruddlesden-Popper
phases—including oxidation state map and oxygen defect migration, paves the way for coming investigations of

Oxygen defect formation and migration in Sr,FeO,4_;: Insights from first principles DFT

1,3

the protonated materials.

DOLI: 10.1103/v8m7-prgq

I. INTRODUCTION

Air electrodes (positrodes) for solid oxide and protonic
ceramic electrochemical cells (SOC’s and PCC’s) have to
be chosen on the basis of materials functionality and should
mainly be based on easily available/low-cost elements. Sev-
eral important material properties need to be taken into
account, as summarized in recent reviews [1-4]. An ap-
propriate combination of electronic, oxide ion, and proton
conductivities is decisive, motivating the search for triple-
conducting air electrode materials for PCCs with fast oxygen
reduction surface kinetics, good chemical stability, and ther-
mal (chemical) expansion properties that can be matched to
the respective electrolyte materials. Most triple-conducting
oxides investigated so far stem from the family of perovskite
or closely related structures (double perovskites, Ruddlesden-
Popper [5] (RP) phases).

The layered RP phases A,1+1B,03,4; attract attention due
to their ability to accommodate oxygen vacancies (V')
and oxygen interstitials (O;-/) on the oxygen sublattice (us-
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ing Kroger-Vink notation [6]). The higher ratio of basic
A-site cations to less basic B-site cations compared to ABO;
perovskites (for example, BaFeOs-based materials [7,8]) is
expected to be beneficial for proton incorporation. Mixed
conducting RP phases, typically first up to the third order
(n = 1-3), cover a large range of compositions, with alkali-
earth and/or rare-earth cations on the A site and mainly Fe, Co,
Ni, Cu on the B site. For SOC applications, Ln,1Ni,O3,41
without alkali-earth cations have received large interest (see,
e.g., Refs. [9-14]). Proton conduction has been discussed
in LapNiOyg1s [15] and PryNiOgs-based materials [16,17].
Cobalt-based RP phases such as (La, Sr),CoOq445, as well
as composites with the respective (La, Sr)CoO;_; perovskite
were mainly studied related to SOCs, e.g., Refs. [18-20].
Iron-based RP phases received increasing interest in the con-
text of PCCs, e.g., Sr3Fe;O7_s and Eu,SrFe, 075 [21-24].
Interestingly, at room temperature to 100 °C, some RP phases
even show incorporation of molecular water into the rocksalt-
structured AO layers [25,26]. Sr,FeO4 has also been studied
for its complex magnetic behavour at low temperatures [27].
While both material families become triple conductors
under appropriate conditions, it is important to note also char-
acteristic differences between (La, Sr)FeO;_s perovskites and
the (La, Sr),FeO41s and (La, Sr);Fe;O745 RP phases. The
presence of rocksalt-structured (La,Sr)O layers between per-
ovskite blocks not only allows for comparably easy formation
of oxygen interstitials, but may also change the character of
the electronic structure. For zero or small oxygen deficiency,
SrFeO3_; exhibits metallic-type electronic conductivity and

Published by the American Physical Society
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absence of Jahn-Teller (JT) distortions (despite formally con-
taining Fe**, a high-spin 3d* cation) [28]. In contrast, the
strontium ferrate RP phases exhibit polaron hopping of elec-
tron holes (cf. Refs. [29,30] and results for SrpFeO,4_s in the
present paper), indicating a much decreased degree of elec-
tronic delocalization. This difference merits a more detailed
investigation, in particular as it may affect the propensity for
proton uptake as observed in BaFeOs5 [8].

While the synthesis of Sr,FeO4_s requires a treatment
with high oxygen pressure [31], the second-order RP phase
Sr3Fe,07_;s can be prepared under normal atmosphere, mak-
ing it the preferred composition for actual electrode materials.
However, for the present first principles investigation at
the DFT + U level, we choose the first-order RP phase
Sr,FeO4_5, which most strongly demonstrates the differences
of RP phases compared to the respective simple perovskite
with respect to the A:B cation ratio as well as electronic struc-
ture. We use the methodology of detailed investigations at
realistic point defect concentrations [8,32] to closely approach
the experimental conditions in which the oxygen nonstoi-
chiometry § varies as a function of temperature and oxygen
partial pressure (e.g., Refs. [27,33,34]). We study both V&’
and O;-’ to cover a large range of defect concentrations (and
correspondingly effective Fe oxidation states ranging from
4+ to 3+, according to the electroneutrality condition), and
fully explore the configuration space for the case of multiple
V& in the model supercell. We provide a detailed insight into
the intricate electronic structure and identify several possible
configurations of Fe3* polarons, which is expected to affect
the protonation propensity. We also discuss a complete set of
V¢ and O;’ migration barriers. It is important to explore the
full set of defects and their barriers to extend our understand-
ing which parameters affect the barrier heights (geometrical
aspects but also persistence or breaking of bonds), and also
because the overall conductivity depends on barrier height as
well as defect concentration (i.e. even a defect with higher
initial energy may significantly contribute when its barrier is
substantially lower). Thus, the present work clearly proceeds
beyond previous publications [35]. We address the delicate
interplay of geometric and electronic structure to achieve a
comprehensive understanding of SrpFeO4_s, which is located
in a complex transition zone between materials with rather
localized electronic structure (such as Ba-rich perovskites
and perovskite-related materials with large lattice parameters
and correspondingly decreased Fe-O orbital overlap), and
perovskites with quite delocalized electronic structure (such
as SrFeOs3). Such an analysis is also important for further
investigations of respective protonated materials, because the
propensity of oxygen ions for protonation depends sensitively
on the character of the O electronic states.

II. METHOD AND MODEL

A. Computational parameters, crystal structure,
and V¢’ formation energy

For modelling the system under study, we applied the
DFT + U.g method (hereafter, DFT+U) within the simplified
Dudarev form [36] using the PBE functional as implemented
in Vienna ab initio simulation package (VASP) 6.1 [37]. It has

TABLE I. Main computational parameters.

Computer code VASP 6.1.2

Cutoff energy 520 eV

Space group (SG), 64, Bbem 139, I4/mmm
Settings

Transformation matrix of
crystallographic unit
cell to supercell

1 1 0
-1 1 0
0 0 1

K points Monkhorst-Pack [44] 4 x 4 x 2

Exchange-correlation Perdew-Burke-Ernzerhof [45]
functional

Ueff 4.0eV

Residual external pressure <1 kbar

Forces on atoms <0.02eV/ A

been shown for (Ba, Sr)FeOs_s [8,38] and (Pr, Sr),FeO4_s
[35] that the chosen value of Uy = 4.0 eV is sufficiently
accurate to describe the key parameters of the material: lattice
constant and magnetic moments. The transitions between lo-
calized and more delocalized states are relevant in SroFeO4_;
as well. The degree of localization is expected to increase with
higher values of § upon transition from the average oxidation
state of Fe*t (8§ = 0) to Fe** (8 = 0.5) in Sr,FeO,_s. In other
words, the system transforms from a partially delocalized
to a fully localized one. The exchange-correlation functional
is important for the correct description of such subtle elec-
tronic effects. Tables S13 and S14 of Ref. [39] summarize
test calculations spanning a U.g range form 2.5-6.0 eV and
also compare to the Heyd-Scuseria-Ernzerhof screened hybrid
functional (HSEO6 [40]). While the splitting between spin-
up and spin-down states increases with larger U.s values as
expected, lattice parameters and the shape of the DOS remain
largely identical. For Sr,FeQy, the Fe magnetic moment (ip.
shows a slight variation with U by 0.1 ug (possibly related
to the change in the shortest Fe-O length), but this variation by
0.1 ug is small compared to the overall up. range (discussed
in Sec. III B). The shape of the DOS from HSEQ6 is quite sim-
ilar to that from the PBE + U, calculations, with one small
difference: The exact position of the Fermi level is higher with
HSEO06 (0.5-1.0 eV), thus when plotting the DOS aligned to
Epermi = 0 the HSEO6 results appear shifted to lower energy
by 0.5-1.0 eV compared to PBE + U.. (De-)localization and
Fe-O covalency in Sr,FeO4 vs. StFeO; are discussed in more
detail in Sec. IITE.

The main computational parameters are listed in Table I.
The effect of core electrons has been substituted by the projec-
tor augmented-wave (PAW) method of Blochl ef al. [41] and
the ultrasoft pseudopotentials (US-PP) method of Vanderbilt
[42], resulting in the so-called PAW potentials as implemented
in VASP [43] (Table II).

Spin polarization has been taken into account, focusing on
the FM solution; all Fe** cations were set into the high spin
state. While it is important not to neglect spin polarization,
the particular magnetic order practically does not affect either
formation or migration energies (as long as the order does not
change). The FM solution is less prone to artificial energy
deviations due to the defect-induced spin reorientation. The
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TABLE II. Projector Augmented-Wave (PAW) Perdew-Burke-
Ernzerhof (PBE) [45] potentials for core electrons effect.

Potential Valence electrons E vt (€V)
Sr 4524 p°5s? 229.353
Fe 3d74s! 267.883
(0] 25%2p* 400.000

total spin in the supercell was fixed accordingly. Analysis
of atomic charge as well as the z component of magnetic
moment (hereafter, the magnetic moment) has been calculated
topologically from the spin density [46].

The structure of the system with oxygen vacancies has
been completely reoptimized with no symmetry restrictions,
including the lattice parameters. Optimized lattice constants
and the atomic coordinates are given in Sec. I of Ref. [39].

Oxygen vacancy formation is considered in a neutral su-
percell as follows:

SryFeOy — SryFeOy_s + 810,. 1)

Normalized by &, the vacancy formation energy has been
calculated relative to the experimental O, binding energy
value of 5.16 eV [47]:

1
Etorms = S(Ea + 8(Eo + ' /2Epina) — Es=o), ()

where E; is the calculated energy of the system with oxygen
nonstoichiometry §, Eq is thecalculated energy of an isolated
oxygen atom, Epiyq is the experimental binding energy of O,
molecule, Es_ is the calculated energy of the ideal material
calculated in its lowest energy structur—orthorhombic struc-
ture (SG 64).

In the first-order RP phase, one octahedral perovskite-
like layer (ABOs3) alternates with a rocksalt-type layer (AO)
(Fig. 1).

It has been experimentally observed [48] that SryFeOy
crystallizes in the tetragonal structure (SG 139) in a broad
temperature range. However, magnetic structure experiments
revealed an elliptical cycloidal spin spiral below the Neel tem-
perature of 56 K, which is incompatible with the tetragonal
structure (SG 139), as mentioned in Ref. [49] and discussed in
more detail by us in Ref. [50]. In the present study, we address
the lower symmetry structure of SrpFeO4 (SG 64) since its
energy as a reference affects the calculated defect formation
energies. Introduction of a defect brings the system into a low
symmetry state, the total energy of the perfect system needs
to be calculated in the low-symmetry state, too (in particular
if small defect formation energies are concerned [32]). The
structure of Sr,FeOy (SG 64) comprises two inequivalent and
thus chemically different oxygen sites (and, therefore, oxygen
vacancies): apical O, [Wyckoff position (WP) 8d] in the
SrO plane between Sr and Fe, and equatorial O,, (WP 8f)
in the FeO, plane between the two Fe. Both are present at
equal concentrations—SrFeQ,0,42. We use the following
notation to distinguish two types of oxygen vacancies in the
system: Sr-V¢'-Fe and Fe-Vg-Fe.

Although it is common in the literature to refer to them
as “in SrO-" and “in FeO,-layer” vacancies, we prefer to
emphasize both neighboring cations in the nomenclature. For

(@) (b)

S10 plane 0
FeO: plane

perovskite-like stack
layer

rocksalt-type
layer

FIG. 1. (a) The model supercell of Sr,FeO, Ruddlesden-Popper
n = 1 phase (SG 64). Green: Sr, dark yellow: Fe, red: oxygen (vi-
sualization by VESTA [51]). (b) Schematic (exaggerated) view of
oxygen rhombi distortion in two FeO, basal planes (solid and dashed
lines) of the suprecell as calculated in SG 64. (c) Four types of
inequivalent O-O distances: O, — O, Opy — Oy, long and short
Ogp — O.q. Oxygen vacancy migration occurs along these four types
of bonds. (d) Interatomic distances in the ideal structure (SG 64),
in A.

a detailed analysis, the total oxygen nonstoichiometry § is
split into partial values for each type of vacancy—ds;—vs —Fe
and (SFefv(-)-,Fe. (51:3,\/3,]:3 = 6— SSerz;fFe) So the general
formula Sr,FeO,4_s transforms into the type-specific version
of it: SrzFCOap.z—sS,,vg O,

—Fe 2 €4.2—0pc_ves e

B. Spatial V¢® configurations

For defect calculations using the transformation matrix
(Table I), a supercell comprising eight Sr,FeO,4 formula units
has been created, which is used for all calculations. The size
of the SrjsFesO3, model supercell is sufficient for simulating
noninteracting single defects (it can also be taken as reference
states for defect interaction energy calculations, described be-
low). The lowest possible oxygen nonstoichiometry for such
a supercell is § = 0.125. The smallest distance between the
periodic images of Sr-V¢&'-Fe and Fe-V'-Fe oxygen vacancy
in the model supercell is 9 NN and 8 NN, by O,,—0,, and
O¢y—0O,; NN list, respectively. For higher values of § the
Supercell program [52] has been used, which applies atoms
enumerative combinatorics to find all structurally inequiva-
lent defect configurations for a given value of §. Defining
the nonstoichiometry of each vacancy type — SSr,VE;,pe and
SFe_vg_Fe, a set of unique configurations has been generated.
The contribution of each configuration into the pool for a
particular value of & has been calculated, yielding 2, 19,
482 configurations for § = 0.125, 0.25, and 0.5, respectively.
These numbers of configurations for each § are based fully
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on the symmetry information about the supercell, resulting
in a complete set of all energy states with a corresponding
contribution weight. Similar analysis and approaches were
used to study oxygen vacancies behavour at different § in
(Ba, Sr)FeO3;_s [8], y-Fe,Os [53], and Pr distribution in
(St1_xPr;),FeOq4q5 [35]. More details are given in Sec. II of
Ref. [39]. For generation of inequivalent configurations by the
Supercell [52] code the undistorted structure (high-symmetry
tetragonal SG 139) has been used. The vacancy-induced dis-
tortions will prevail over that in SG 64. It has been proven
for 6 = 0.25 that geometry optimization reduces the number
of inequivalent solutions from 28 based on SG 64 to the
actual number of 19 inequivalent configurations derived from
the undistorted structure (SG 139). More details are given in
Sec. III of Ref. [39].

Alternatively, the special quasirandom structures (SQS)
method for the supercell model or coherent potential approxi-
mation (CPA) method [54] is also widely used in the literature
for defect formation and electronic structure properties of
disordered systems (disordering mainly concerns the cation
sublattice in Refs. [55-57]). If randomness is an important
characteristic, the supercell size should be typically increased
for one § value. The SQS method is well suited for defects in
high-entropy materials [56,58]. However, here we rely on the
fact that most of the perovskite-type oxides containing A%+
cations such as SrFeO;_;, BaFeO3;_s exhibit large § values
and a tendency for oxygen vacancy ordering with the growth
of §. Thus, we prefer to calculate ground-state structures for
a set of symmetry-derived configurations, varying é from O to
0.5, reflecting also possible ordering effects.

Selection of particular configurations for a detailed analy-
sis is done based on specific criteria. It is common to select
particular configurations based on the energy of the sys-
tem. For some properties, however, it would be beneficial
to consider other details, e.g., the probability of observing a
particular defect configuration. This is addressed in Sec. V
of Ref. [39]. Despite favorable energy, a configuration can
be extremely rare, therefore only marginally contributing for
a realistic description of the system under study. Another
criterium to consider is the interdefect distance. Multiple point
defects within the supercell may create extended defects,
which may reduce the total energy. Interdefect distance is
also important for tracing the electronic properties depending
on defect concentration, e.g., point defect induced electron
charge redistribution as discussed later. Interdefect distances
can be obtained from the configurational matrices, generated
by the Mastrikov-Koch method [59] (see Sec. IV of Ref. [39]).

Some configurations created automatically, as well as ap-
pearing during geometry optimization, may exhibit a very
unusual structure (atoms significantly shifted from their orig-
inal positions, oxygen displaced into initially vacant sites,
etc.). Such changes can be monitored by calculating the
displacement vector, as suggested by Henkelman [60]. This
parameter indicates whether the configuration still can be
considered the same structure or it has transformed into
something different (e.g., extended defects, clusters of de-
fects). Without such an analysis, considering the energy state
only, there is a significant risk to take a system completely
different to the original structure as a legit solution, in particu-
lar, at high defect concentration (see Sec. VI of Ref. [39]). So,

in addition to the total energy, other significant factors could
be taken into account for tracing properties of the system,
depending on the defect concentration.

C. Modelling of anti-Frenkel defects

The oxygen interstitial was introduced in the form of an
anti-Frenkel pair. Thus, it is charge compensated by an oxygen
vacancy V§'. For denoting the interstitial sites, we use the
WPs in SG 64. WPs in this context are meant to indicate a par-
ticular position relative to other atoms in the structure (not for
populating all equivalent sites). Interstitial oxygen has been
placed in four positions: “double-occupancy” between two Fe
cations (WP “8f” in SG 64) and between Fe and Sr cations
(“84”), hollow position between two Sr cations (“4b”, FeO,
plane), tetrahedral position between four Sr cations (“8e”),
cf. Fig. 6(b). In the calculated configurations, the distance
between O;/ and Vg is chosen to be the largest possible in
the model supercell. Relaxation of the anti-Frenkel defect
configurations leads to the formation of O%‘, O}~ complexes
or atomic oxygen interstitials O?_ (more details in Sec. II1E).
However, we still use these notations by putting them in
quotes for the sake of convenience.

D. Defect migration barriers

Oxygen vacancy and interstitial migration have been mod-
elled by means of climbing nudged elastic bands (CNEB)
[61], using nine intermediate images. The lattice basis in both
terminating states is the same as that in the ideal bulk. Test cal-
culations showed that such a constraint has a negligible effect
on the calculated activation energy value in this system. The
RP structure implies four inequivalent O-O distances: long
and short O, —0,4, O¢y—0,, and O,,—0,, bond [Fig. 1(c)].
Migration barriers are obtained for 6 = 0.125, which elimi-
nates the interaction of migrating oxygen with other defects
(except vacancy’s own periodic images in the supercell). As
shown below, the calculated migration profiles for oxygen
interstitial and vacancy can be asymmetric due to anisotropy
and/or the presence of other defects (anti-Frenkel pair). We
apply the approach of Kinetically Resolved Activation barrier
(KRA) [38,62-65], which calculates the effective barrier as
the average of the forward and backward barriers:

AEkra = Ers — 5(Er1 + Er2), (3

where Erg, ET1, E7; are transition (TS) and terminating (T1,
T2) state energies.

III. RESULTS AND DISCUSSION

A. Sr;FeQy: the ground-state structure

The energetically most stable structure of Sr,FeOy, is found
to be in the orthorhombic SG 64 [Bbem settings, Figs. 1(a)
and 1(d)] by the present DFT + U, calculations (lower by
13 meV /f.u. compared to SG 139), as well as the WC3PW
hybrid functional calculations [50] employing a Gaussian-
type basis in CRYSTAL23 [66]. If this symmetry lowering
was neglected for the stoichiometric Sr,FeQOy, it would
nevertheless unavoidably occur for oxygen-deficient cells that
have decreased symmetry, and this will artificially decrease
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TABLE III. Comparison of interatomic distances in optimized
ideal distorted (SG 64, Bbem) and undistorted (SG 139, I4/mmm)
structure, in angstroms.

SG/Settings

Bond orientation
relative to the basal

Ton plane 64/ Bbem [Fig. 1(d)] 139/ I/4mmm

Fe O, 1.96 1.97
Fe O, 1.88 1.95
Fe O, 2.03 -

Sr  Sr normal 3.56 3.58
Sr Sr in plane 391 3.89
St Ogp normal 2.50 2.52
Sr O in plane 2.77 2.76
Sr O 2.64 2.64

the V& formation energy by ~8 - 0.013 eV ~ 0.1 eV, which
is not negligible.

In this phase, the structure exhibits a proper as well as
a pseudo JT effect [67,68] consistent with the correspond-
ing irreps products [50]. The simultaneous presence of two
types of JT effect [68] is not surprising since anti-bonding
0" — Ay, and 0* — By, crystal orbitals (around the Fermi en-
ergy) and degenerate m* — E, crystal orbitals (3 eV lower) are
occupied by unpaired Fe 3d electrons in a tetragonal crystal
field (SG 139, I4/mmm). Besides, the latter crystalline orbital
is very close in energy with the antibonding nondegenerate
7% — By, crystalline orbital. The dominating vibrational in-
stability mode is X, (b1,) leading to a rhombic relaxation
pattern within the FeO,-plane [Fig. 1(b)], giving rise to two
different Fe—O,, bond lengths (Table III). At the same time,
all Fe—0O,, bonds are forced by the symmetry to have the
same length [Fig. 1(d)]. Symmetry also gives equal mag-
netic moments and charges of Fe cations in the ground-state
structure.

As shown in Ref. [50], hybrid functional calculations
yield three more metastable states of different symmetry. The
tetragonal phase can be characterized by shortened and en-
larged lattice parameters within and normal to the basal plane,
relative to the SG 64 structure (Table S1 of Ref. [39]). Thus,
we have shown the presence of the JT distortion around the
Fe** cations in the ideal Sr,FeQy, leading to the symmetry
reduction to orthorhombic (SG 64) [50]. The phase transition
from the tetragonal (SG 139) to orthorhombic (SG 64) struc-
ture in LnyNiOy4 is known experimentally [69,70], and was
related there to a decrease in the oxygen partial pressure.

The calculated magnetic moment (upe ) of Fe**t in the ideal
Sr,FeOy is 3.67 ug, being smaller than the formal value of
4 uB (3d*) for the high-spin state. During the electronic struc-
ture optimization, most of the spin density is localized on Fe
(Fig. 2), whereas the rest is predominantly distributed between
O,,. This is in part caused by the typical overestimation of
covalence by DFT. In oxides, iron Fe**, Fe** is typically in
a high-spin configuration, as found also in (Ba, Sr)FeO; [71]
and Sr,FeO4 [48] from magnetic experiments.

] - 5=0
8§=0.125
° Sr-V-Fe
Fe-V -Fe
§=0.25
v Sr-V,-Fe
Fe-V -Fe
3=05
Sr-V-Fe
Fe-V -Fe
§ = 0.25 the Lowest Energy
Fe-V -Fe
W9= 0.5 the Lowest Energy
Fe-V-Fe

«

spin on Fe (1)

36

35
1.80 1.85 1.90 1.95 2.00 2.05 2.10

Fe-O avg. (A)

FIG. 2. Assignment of Fe oxidation states in Sr,FeO,_s, based
on the magnetic moment and averaged Fe-O bond lengths, for the
cases listed in Table IV, including the lowest-energy configurations
for 6 = 0.25 and 0.5. The solid line denotes the border between Fe
with fivefold (CNS5) and sixfold (CN6) oxygen coordination.

B. Sr2F604_3

Oxygen vacancies have been created by removing a neutral
oxygen atom from the system. In perovskite-type materials, an
oxygen vacancy is usually compensated either by doping or by
the change of the oxidation state of the B cation. In particular,
Sr,FeO4 represents a negative charge transfer material, cf.
electronic DOS (Fig. S1 of Ref. [39]).

%+ 2Fe}, < 10, + Vg + 2Fer, )

where Fe}t, = Fe** and Fep,, = Fe**. This reaction comprises
the neutral material in oxidized and in oxygen-deficient state
and, thus, automatically takes care of related Fermi level
change and fulfillment of the electroneutrality condition.

Two electrons of each removed oxygen redistribute within
the supercell and give rise to a lower iron oxidation state (and
to a smaller degree of oxygen reduction), as demonstrated for
many ABOj3 systems [72]. Owing to the additional AO layers
in the RP phase, the behavour of the electron density upon
oxygen removal may differ somewhat from simple ABOj3 sys-
tems. Moreover, literature so far did not analyzed the electron
density redistribution in Sr,FeO4_s, which is critical for a
deeper understanding of defect behavour and energetics. Here
we suggest such an analysis. Based on Eq. (4), the states of Fe
cations are expected to be

Sty (Fejt ) Fed )05 s. S

All inequivalent geometry configurations of V¢ for a given
6 have been identified and calculated. The electron redistribu-
tion caused by the removal of one neutral O predominantly
occurs to iron cations, formally reducing two Fe cations from
4+ to 3+ state. Depending on the computational method, the
degree of localization of these two electrons may vary, mak-
ing it difficult to distinguish between these formal oxidation
states. No strong correlation between the calculated (Bader)
charge and the oxidation state has been observed (cf. Table
S11 of Ref. [39]). To identify the oxidation state in the present
DFT+U approach, we mainly analyze magnetic moment, Fe-
O coordination number (CN), and Fe-O bond lengths. Iron
in the formal 3+ state is expected to have a larger spin (d°
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configuration, formal ppe = 5 pg) and extended Fe-O bonds.
It is important to include the CN in the analysis, because the
data in Table S11 and Fig. 2 show a clear offset between Fe
in fivefold and sixfold coordination (a smaller CN leads to a
decreased average bond length, similar as in BaFeO3_; [38]).
While alone none of these parameters clearly identifies the Fe
oxidation state, in combination they provide a solid basis for
the oxidation state mapping.

To identify reference points for such a mapping, we first
focus on configurations in which the V& have as large as
possible distances (listed in Table S11 of Ref. [39]) so that the
assignment of Fe oxidation states is least affected by neigh-
boring defects. As the oxygen nonstoichiometry § grows, the
largest possible interdefect distance decreases, and naturally
an overlap occurs between the electron density perturbation
patterns. Nevertheless, boundaries and a transition zone be-
tween the formal Fe oxidation states can be identified as
demonstrated in Fig. 2.

For Sr-Vg'-Fe as well as Fe-Vg'-Fe in SryFeOj3 575, the
largest negative extra charge is observed on the Fe cation(s)
nearest to the V¢7. However, this does not necessarily indi-
cate the switch to the 3+ state, because two other Fe have
higher magnetic moments (4.03 and 4.04uz) and clearly
larger equatorial as well as overall Fe-O lengths than other
6-fold coordinated Fe. Thus, in these configurations these two
Fe cations are assigned as Fe3* (as formally required for one
V). Also, for § = 0.25, the Fe3t characterized by >4.04 ug
and large Fe-O >2.00 A (for CN = 6) are found only in the
second sphere relative to the oxygen vacancy. For § = 0.5, all
Fe cations are expected to be in the 34 state, exhibiting large
magnetic moments (>4.20 ug) as well as large Fe-O bonds
(>1.98 A for CN = 5).

While overall the map in Fig. 2 allows one to identify most
of the formal Fe oxidation states, still some data (in particular
some Sr-V ¢’ -Fe cases) fall into the zone of intermediate states,
which can be attributed to a delicate balance of the degree
of localization. While we expect that a similar mapping tech-
nique can also be applied for other materials (or calculated
with different functionals), the exact boundaries will differ
and need to be validated. A striking result of the oxidation
state assignment in SroFeO4_s is that the Fe with Vg in the
first coordination shell are in 44 oxidation state, in contrast
to the naive expectation from electrostatic interaction, which
would predict Fe3*. But the presence of a V& in the first coor-
dination sphere of Fe** can be regarded as a special case of JT
distortion (absence of one O instead of elongation of two Fe-O
bonds), thus stabilizing this configuration. The identification
of Fe oxidation states in SrpFeO4_s is also important for
the investigation of protonated materials, since, for example,
of BaFeO;_; the proton affinity of different oxide ions in
a defect-containing supercell has been found to be sensitive
the Fe oxidation state as well as to the position relative to a
Ve [8].

C. Dependence of vacancy formation energy and volume on §.

Comparing the vacancy formation energies at § = 0.125
in SrO and FeO; planes, the latter appear to be energetically
slightly more favorable ([Table S8] of Ref. [39], Fig. 3), which
is in agreement with experimental work [27]. Also, for higher

4.0
% 8Sr—vo"—Fe SSVVVO“—FS ‘Sr—vo"—Fe g
o + 0125 v 025 > 05
= ) * 0125 * 0375 *
(0] - °
g 35 <0 + 025 Pl
- *
3 : 8.125 (31
C >:n
= %,
> E' Lk
2 30 <1
S s . E! I
C
o v ’Hi]
& {HE
-_: < L)
© | v IR
£ 25 . - S g
2 " Hy
>O ‘: °
A 4
20 T T T T
0.000 0.125 0.250 0.375 0.500

FIG. 3. Oxygen vacancy formation energy per § (relative to O,)
[Eq. (2)]. Multiple data for the same § value correspond to vari-
ous spatial distributions of the defects. For better readability, data
points are displayed according to the adjusted value of §* =6 +
0.04 (6 —28sr—vgp—re)-

6 values, the lowest formation energy values correspond the
5Fe—v;;—Fe = § cases. This is an interesting and important
observation. Intuitively, one might have expected easier V¢
formation for the Sr-V¢y-Fe case, because the O to be removed
has only one Fe-O bond (which is considered stronger than
Sr-O one). Also, the higher center of gravity of the Sr-O
oxygen states in the electronic density of states ([Fig. S1] of
Ref. [39]) should be in favor for removing an O from the
SrO layer, cf. [73] for ABO; perovksites. However, the Vg©
formation energy is not only affected by the initial but also by
possible stabilization effects in the final state. Two contribu-
tions favor Fe-V¢S-Fe over Sr-Vgr-Fe case and together can
explain the preference of Fe-V-Fe. (I) upon removal of O,
the opposite Fe-O bond is shortened (by approx. 0.14 A) and
strengthened. For the Sr-V¢'-Fe case, this can happen only at
one Fe, while for Fe-Vy'-Fe, it occurs at both Fe neighboring
the V&'. (II) As discussed before, the presence of a V& in
the first coordination sphere of Fe** can be regarded as an
extreme case of JT distortion, and for the Fe-V{y'-Fe case, two
Fe cations can benefit from such a JT stabilization.

The energetically most favorable solutions demonstrate
an extremely low dependency on oxygen nonstoichiometry
8 < 0.5, ranging from 2.0 to 2.4 eV (Table S8). Again, for
a consistent analysis, the total energy of a particular con-
figuration alone is not enough; the structure of the relaxed
system has to be examined as well (within the SFe—vg—Fe = 0
cases, the increase is only from 2.0 to 2.2 eV). This very low
dependence on § is in a stark contrast with the results for
the regular perovskite phase. In SrFeO;_; the oxygen vacancy
formation energy depends strongly on oxygen nonstoichiom-
etry (increase by 1.5 eV when moving from 6 = 0.125 to
0.5, i.e.still staying in the regime between Fe*+ and Fe3*)
[74]. In BaFeO;_; a similar increase from 0.2 to 1.6 eV
is found [8]. This could be attributed to relatively higher
delocalization in the regular perovskite phase in comparison
to RP.

105801-6



OXYGEN DEFECT FORMATION AND MIGRATION IN ...

PHYSICAL REVIEW MATERIALS 9, 105801 (2025)

1.104

1.09
1.08
1.07
) 1.06 R
> 1.057 *
Bsr—vu“—Fe Z
1.04 7 0.25
0.125
1.037 Svre 0
0.125
1.02 0 ‘gg
1.017] e
i e «--o
10T -|‘- T T T
0.000 0.125 0.250 0.375 0.500
5

FIG. 4. Dependence of volume on oxygen nonstoichiometry §*,
relative to the volume of the ideal material. For better readability,
data points are displayed according to the adjusted value of §* =
8+ 0.04(8 — 235r—vg;—Fe)- Black dash, gray dash, and gray dot lines
connect the lowest energy states (marked with dashes) of SSr—Va' _Feld
equal to 0, 0.5, and 1, respectively.

When treating hundreds of configurations, it is worthwhile
to calculate also the probability to find the system in a partic-
ular energy state for a given value of §. Such an analysis is
performed in [Sec. V] of Ref. [39].

There is a consistent volume increase from smaller to larger
values of § (Fig. 4). The most significant volume growth
is due to the presence of Sr-V¢'-Fe-type vacancies. Even at
the lowest partial (Ssr_VG-_Fe, the average volume is signifi-
cantly larger in comparison to ds;—ve—re = 0 configurations.
This can be understood from the fact that the average bond
strengths in the direction normal to the basal plane are weaker,
and correspondingly, this direction shows a larger expansion.
For the Fe-V -Fe case, the broken Fe-O bonds are in the basal
plane, which is less susceptible to respective lattice parameter
expansion. In Fig. 4, the guidelines for the configurations with
only Fe-V& -Fe indicate that for the low-energy configurations
the volume increase with § is approximately linear. Up to
8 = 0.25, this holds also for the other V¢ configurations.
For large 6 = 0.5 together with Sr-V¢'-Fe contributions, many
configurations are close in energy but show significant volume
variation. This makes it ambiguous to extend the correlation
lines in Fig. 4 to § = 0.5. Only for all-Fe-V¢'-Fe, two config-
urations have clearly lower energy than the others (dominant
contribution), and thus the dashed line is extended there. For
comparison the volume expansion (“chemical expansion”)
and V¢ formation energies in other perovkite-type materials
are given in Table IV. Overall, the tendency for decreased
chemical expansion can be understood from the fact that the
RP phase contains a larger fraction of redox-inactive SrO
relative to FeO,. Only the contribution from the Sr-V¢'-Fe in
RP Sr,FeO,_s is comparable to that for oxygen vacancies in
SI‘FCO3_5.

o
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FIG. 5. Oxygen vacancy migration barriers. Four unique barriers
via O,,—O0,, short, O,,—0O,,, O,—0,, long, and O,,—0O,, bond.
Zero level corresponds to the Fe-V¢'-Fe vacancy state. The position
of the vacancy is denoted by the nearest Wyckoff position in SG 64.
The KRA barrier values are (from left to right): 0.56, 0.89, 0.56, and
0.90 eV.

D. Oxygen vacancy migration

In perovskite-type materials, oxygen migration occurs
from an occupied to an unoccupied regular O site through
the A-B-A critical triangle [80], keeping one B-O bond also
in the transition state. In general, the larger the open space
in the critical triangle, the lower is the activation barrier.
In addition to that mechanism, in the RP phase an oxygen
vacancy can also migrate between two A cations from one to
the neighboring A-O plane, which corresponds to a slightly
larger jump distance. The presence of V¢ sites with different
energy leads to a complex energy landscape with asymmetric
barriers.

The obtained migration barriers suggest the energetically
most favorable path is along O,,—O,, [Fig. 1(c)]. This barrier
has the largest Sr-Sr distance of 3.91 A (i.e. large open space
within the critical triangle) and a height of AEgra = 0.58
eV. Owing to the shorter Sr-Sr distance of 3.56 A, O.4—0¢q
jumps within the FeO, plane require more energy (AEgra =
0.89 eV). Thus migration parallel to the FeO, plane occurs
in a zigzag manner via the the O,,—0O,, paths. Although it
involves the higher-energy O, position, this path leads to a
higher overall V&' conductivity because the maximum in the
energy profile along this path is lower than for the O,y —O,,
path (Fig. 5).

O migration within the SrO layer between two O, posi-
tions also has a high barrier of 0.9 eV. This high barrier can be
attributed to the fact that in the transition state the only exist-
ing Fe-O bond is broken (for O,,—0O,, and O,,—0O,, barriers,
one out of two Fe-O bonds remains and can be strengthened).

E. Discussion of the Fe-O bonding character

The present calculations for Sr,FeO4 with the Ruddlesden-
Popper structure indicate some characteristic differences in
the Fe-O bonding in Sr,FeO4 compared to the SrFeO; simple
perovskite, despite formally having iron in 4+ oxidation state
in both materials. We want to discuss these differences based
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TABLEIV. Chemical expansion and V¢ formation energies (by neutral O removal) in perovskite-type materials from DFT+U calculations.
Typical experimental values of chemical expansion in simple ferrate perovskites are 11% for StFe(75Tip2503—s and Lag 3Sry;FeO;_5 [75,76].

Material

Volume expansion (%)

Formation energy (eV)

Sr,FeO,_; (this study)

SrFeOs_;s [72]

[74] 6.6 (linear)

Lay 5Srg sFeO;_;5 [32] 14 (linear)
Bag 5SrpsFeO3_5 [8] 7.6 (linear)
BaFeO;_; [8] 9 (linear)

Sr-V¢-Fe: 7 (~linear)
Fe-Vg-Fe: 2 (~linear)

Sr-Vgr-Fe: 2.0-2.2
Fe-Vg-Fe: 2.4
0.4—~1.5°
0.5-1.7¢
0.55
0.30-1.73%
0.22-1.70°

“These values were not corrected for the DFT overbinding in the O, molecule (a correction would increase the V¢ formation energy by about
0.6-0.7 eV [8,72] if the experimental data for O, from Ref. [77] is used to account for the (room) temperature effect [78,79]).

on properties that can easily be extracted from DFT calcula-
tions (cf. Tables S13, S14 and Fig. S6-S8 of Ref. [39]).

The first aspect is related to the geometry. Iron with formal
4+ oxidation state has a high-spin 3d* orbital occupation and
should in principle develop a JT-type distortion. This is ob-
served in Sr,FeQy4, where actually three different Fe-O bond
lengths are found (1.88 and 2.03 A in the equatorial plane;
the apical distance of 1.96 A is also clearly longer than the
shortest Fe-O but modified by the fact that it points into the
rocksalt-structured layer). In contrast, StFeQj is perfectly cu-
bic with only one Fe-O length of 1.94 A. It is well established
experimentally (e.g., Refs. [28,81,82]) and from electronic
structure calculations (e.g., Ref. [83]) that SrFeOs; has a strong
transfer of electron density from the oxide anions to the
iron cation (“negative charge transfer material”; “ligand hole
formation”). Thus the actual orbital occupation approaches
3d°, and correspondingly the Jahn-Teller distortion vanishes.
(Interestingly, in BaFeOs; with longer Fe-O bonds (average
2.01 A) a JT-distorted structure becomes slightly lower in
energy than the ideal cubic structure [84]).

This different degree of Fe and O orbital interaction in
SrFeO3 also shows up in the electronic density of states and
band widths (compare the DOS of SrFeOs in Fig. S6 and
S,FeO4 in Fig. S7, and summary in Fig. S8 of Ref. [39]) where
the bands in SrFeO; generally have a larger width. In SrFeOs3
the O states have large contributions not only close to Epermi
but also in the range of Fe ¢, and f,; DOS at —9 to —5 eV. The
Fe e, states have perceptible DOS in the whole enregy range
from —9 eV up to Epemi; correspondingly their band width
is very large (Fig. S8). There is also perceptible unoccupied
O DOS just above Egei, which corresponds to the “ligand
holes” from the negative charge transfer (holes in O states
instead of unoccupied Fe states). In contrast, in S,FeQ,4 the O
states concentrate in the region from —3 eV up to Epermi (much
less overlap with Fe e, and f55), and the O DOS just above
Epermi 18 negligible (making S;FeO4 a semiconductor). The
spin-up Fe e, states have only very little DOS above —5.5 €V,
resulting in a much lower band width than for SrFeO; ([Fig.
S8] of Ref. [39]).

Finally, the degree of (de-)localization in the Fe-O bonds
also affects the behavior of the V¢’ formation energy (removal
of O according to Equation 4 in parallel to reduction with
two Fe** to two Fe** per V¢) as a function of the oxygen
deficiency. In Sr,FeQy, the formation energy for the most sta-
ble V& in the respective supercell is essentially independent

of the oxygen deficiency ~2.0 eV (Fig. 3). This corresponds
to the ideal behavour of noninteracting defects. The situation
in SrFeQ; differs strongly: there the V¢ formation energy
is 1.2 (Fe*”>*), 1.5 and 2.4 eV (Fe**) for § = 0.125, 0.25
and 0.5, respectively [74]. (a similar trend with V¢’ formation
energy in SrFeOs_; increasing from 0.5 eV for § ~ 0 to 1.5
eV for § & 0.5 is found in Ref. [72] using U = 3 eV). So, in
SrFeQ3, the defects experience a strong self-interaction which
disfavors further V¢ formation. The main reason for this is
not elastic strain around Vg or their electrostatic repulsion
(the molar volume of Sr,FeO,4 is 61% larger than that of
SrFeOj3 corresponding to 4+17% linear expansion in all three
space directions; thus distances between defects are in a com-
parable range). Rather the defect interaction is transmitted by
the fact that electronic defects are much more delocalized in
SrFeO; (i.e. one electronic defect affects all Fe and O in the
supercell) than in Sr,FeQy.

All the described properties indicate that SrFeO3 has much
more charge transfer from O to Fe (which can also be regarded
as a higher degree of covalency) and degree of delocalization
than Sr,FeO4. We can then ask to which reasons this can be
attributed. Expanded Fe-O bond lengths are probably not the
main reason for the much smaller delocalization in Sr,FeOy4
(the averaged Fe-O bond length of 1.96 A in Sr,FeQy is
only marginally larger than 1.95 A in SrFeO3). The fact that
Sr,FeOy4 contains additional SrO layers with oxide ions co-
ordinated to Sr’>* of low electronegativity might actually be
expected to favor electron transfer from O to Fe, but the pres-
ence of the JT distortion pattern and absence of unoccupied O
DOS directly above Epermi this is not the case. It appears the
decisive factor is that the SrO layers break the symmetry in the
bonding situation around Fe (apical vs. equatorial Fe-O, and
even two different Fe-O,, lengths) in a way which stabilizes
quite localized Fe** states with a JT-type distortion.

IV. ANTI-FRENKEL DEFECTS
A. Interstitial sites and formation energies

The anti-Frenkel defect formation involves one oxygen
vacancy and oxygen interstitial and proceeds without redox
process/change of the average Fe oxidation state (the energy
of the anti-Frenkel pair is given relative to the ideal bulk):

O, + Vi - V&40, (6)
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TABLE V. Anti-Frenkel pair formation energy (E-Ey,y) effective charge, distance between O anions in the dumbbell configuration and

between O; and Vg in anti-Frenkel pair.

Interstitial  Type of defect WP in SG 64, Bbem® Vacancy type o;/-vg; distance E-Epy (eV) 0-O distance ( A) Charges (e)
Sr-O%~-Fe 03~ “8d” Sr-Vgr-Fe 6.82 2.68 1.46 —0.72(Sr)/—0.70(Fe)
[Fig. 6(a)] Fe-V¢-Fe 6.07 2.17 1.46 —0.70(Sr)/—0.69(Fe)
Tetrahedral o “8e” Sr-Ver-Fe 6.70 3.47 na —0.99
[Fig. 6(b)] Fe-Vg-Fe 6.30 3.14 na —0.99
Fe-O5~-Fe (Ol “8f” Sr-Vgr-Fe 6.07 4.50 1.40 —0.61/-0.63
[Fig. 6(c)] Fe-Vg-Fe 8.26 4.25 1.42 —0.65/-0.67
Hollow o “4b” Sr-V¢-Fe 6.99 7.43 na —0.67
[Fig. 6(d)] Fe-Vg-Fe 7.60 7.08 na —0.53

*WPs, relative to the conventional cell, solely for pointing out the position of interstitial.

The oxygen interstitial Ol can be considered in two lim-
iting cases, namely a diatomic peroxide O%’ defect (i.e., in
a regular oxygen position a peroxide group is formed) and
an atomic oxide ion interstitial Of‘. We present here the
results for both; the energy also depends on the type of the
compensating vacancy (Sr-V¢'-Fe or Fe-Vgr-Fe) and the in-
terdefect distance. Interstitial oxygen is energetically more
stable in the SrO- rather than in the more closely packed
FeO;-layer. Energetically favorable oxygen dumbbell con-
figurations were predicted also in other oxides, including
MgO, Al,O3, SrTiO3 [85-88], and confirmed experimentally
in AL,O3 [89]. Oxygen interstitials will also be highly inter-
esting as potenital sites for protonation. Owing to their nature
as negative defects and long distance to highly charged Fe
cations they are expected to exhibit a high proton affinity, but
the detailed values will also depend on the nature andite of the
interstitial defect.

The most stable oxygen interstitial configuration is the
“double-occupied” Sr-O,,/Oi-Fe site [Table V, position
“8d”, Fig. 6(a)], where interstitial and regular oxygen anions
O, create an O3~ dumbbell configuration. The nature of this
defect can be determined on the basis of O-O interatomic
distance [90] (Table V) and effective atomic charges - the
interatomic distance of 1.46 A and effective charge of ~-1.40
e are in the typical range of peroxide anions. The tetrahedral
position between the SrO planes (position “8e” Fig. 6b) is
less stable by ~1 eV. It corresponds to an atomic O; species
and has an effective charge of —1 e. The second meta-stable
interstitial is a dumbbell in the FeO, plane [position “8f,”
Fig. 6(¢c)], i.e., formation of the O%’ peroxide group in the
position of equatorial oxygen. However, it is about 2 eV less
stable than the dumbbell configuration in the SrO-plane, and
the effective charge of O3~ is reduced to —1.2 e. The least
favorable configuration is an atomic interstitial in the hollow
position within the FeO, plane [position “4b,” Fig. 6(d)].
Its formation energy is about 3 eV higher than that of the
least favorable dumbbell position [position “8f,” Fig. 6(c)].
This high-energy position is structurally metastable, leading
to almost zero energy barrier for the transition to the “8f”
position (discussed below). For all interstitial configurations,
a compensating Fe-V¢'-Fe vacancy is more favorable than
Sr-V¢r-Fe, which is consistent with the vacancy formation
energies (Table S8).

B. Migration of oxygen interstitial

In hyperstoichiometric RP materials such as La;CoOys
[91], transition metal doped La;NiO4ys [65,92] and
La,_,SrNiOy44s [93], the oxygen ion migrates easier via an
interstitialcy (push-pull) mechanism within the “rock-salt”
AO-layer than via vacancies. For oxygen-deficient RP phases,
oxygen transport is due to the vacancy mechanism, e.g., in
La_,Sr,CoO4_5 [94] and in La,_,Sr,CuOy4_, ( [95,96] and
references therein).

In SryFeO,4_s, we consider also migration involving O: po-
sitions within the FeO, plane, and take into account Sr-V¢'-Fe
as well as Fe-V{'-Fe positions for the compensating V¢ (this
extends beyond the treatment in Ref. [35]). The migration

(d

"4bl|

FIG. 6. Interstitial oxygen in double-occupied apical Sr-O%‘-Fe
(a) and equatorial Fe-O}-Fe (c) positions. Tetrahedral between SrO
planes (b) and hollow within FeO, plane (d) interstitial positions.
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FIG. 7. (a) Oxygen interstitial O]~ at “8f” position, oriented per-
pendicularly to the basal (horizontal) plane. (b) Oxygen interstitial
migration path between “8d” and “8¢” sites (SrO layer).

energies of V¢'-compensated oxygen interstitial in SroFeOy
are presented relative to the ideal bulk, so the activation energy
can be calculated relative to either of the two terminating
states (Table S12 of Ref. [39]). We consider all possible oxy-
gen interstitial migration between the stable configurations
from Table V. Oxygen interstitial migration in SrpFeO4_s is
a combination of translational and rotational motions, and it
may or may not involve breaking the O-O bond of peroxy
groups (Figs. 6 and 7).

Within the FeO, plane, the translational transition proceeds
from one to another “8f” position (Fe-O;”-Fe configura-
tion) without O-O bond breaking and with a KRA barrier
of ~0.7 eV (left part in Fig. 8). The transition out of the
FeO,-plane into the “8d” position first requires rotation of the
complex into an orientation perpendicular to the basal plane
[Fig. 7(a), 9 top]. The translation between Fe-O; -Fe (“8f”)
and Sr—O%’—Fe (“8d”), also occurs without O-O splitting. It
is strongly asymmetric due to the total energy difference be-
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FIG. 8. Energy for oxygen interstitial migration by translational
processes, relative to the ideal bulk. Two types of compensating
(stationary) oxygen vacancy in the FeO, or SrO layer are indicated.
Schematic view of the structures is given.
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FIG. 9. O] complex rotational movement around the Fe-Fe
(square and circle) and Sr-Fe (up and down triangle) axis, in the
presence of charge-compensating Sr-V¢'-Fe (black) and Fe-V¢'-Fe
(red). Energies are given relative to the ideal bulk. The defects are
placed at the largest possible distance within the model cell. The
rotation covers 360°.

tween the initial and final configuration, thus the barrier in
forward direction is only 0.22 eV (KRA barrier ~0.9 eV).

The migration of the O interstitial within the SrO layer
between “8d” and “8e” [Fig. 7(b)] involves O-O splitting.
This migration proceeds from an atomic interstitial 01.2’ to
the more stable Sr-O%‘-Fe over the barrier of 0.10 and 0.20
eV (Sr-V¢'-Fe and Fe-Vgr-Fe). In the opposite direction the
barrier amounts to 0.66—0.89 eV, resulting in KRA barrier of
0.46-0.50 eV. This process of O-O bond splitting or forma-
tion is in contrast to a simple interstitialcy mechanism that
involves only atomic species [65]. A difference between O;’
migration in SrpFeO4_s and La,_,Sr,NiOys [93] lies in the
higher stability of the Sr-O%‘-Fe configuration. The migration
within the SrO layer also requires the “8d”-"8d” rotation(s)
of the Sr-O3~-Fe dumbbell with low barriers of 0.18 and 0.29
eV (Sr-V'-Fe and Fe-Vg-Fe, Fig. 9 bottom). The jump of
an atomic O interstitial from the metastable hollow “45” to
the “8 " position [Fig. 6(d)] occurs without barrier since the
former is energetically very unfavorable (in line with [92]),
but since this position is hardly ever occupied, this does not
contribute to the long-range transport.

Overall, long-range interstitial O transport is expected to
occur predominantly in the SrO layers; transport perpendic-
ular to it is impeded by the unfavorable states of peroxy
groups in the FeO, layer as well as by the larger barriers for
translations there.
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V. CONCLUSIONS

Oxygen defects in the layered Sr,FeO,1s Ruddlesden-
Popper phase are systematically investigated by DFT4-U up to
high defect concentrations § = 0.5. Interestingly, Fe** (iden-
tified from magnetic moments and Fe-O bond lengths) have
a preference to be direct neighbors of Vg'. This can be ex-
plained by the fact that the presence of a V' bears similarity
to a Jahn-Teller distortion. The V¢ formation energy is fa-
vored in the FeO, plane (Fe-V¢-Fe 2.0-2.2 eV) compared to
the SrO layer (Sr-V§'-Fe 2.4 eV Sr-V&'-Fe) and is almost in-
dependent of §. This is in contrast to simple ABO3 perovskites,
which exhibit a higher degree of Fe-O bond delocalization.

Oxygen vacancy migration occurs preferentially within the
FeO, layers via O,, and O,, (barrier 0.6 €V). The most
favorable oxygen interstitial positions are located within and
between SrO planes. A dumbbell configuration is significantly
more stable than atomic O in a hollow position. Interstitial
migration occurs within the SrO layer with a barrier of 0.5 eV
and involves tetrahedrally coordinated atomic O as a transition
state.

Several of the identified aspects are expected to be fa-
vorable for a protonation of Sr,FeO4is (investigated in
forthcoming work). The higher Sr/Fe ratio as well as the
decreased degree of Fe-O delocalization compared to the
simple SrFeO; perovskite ensures a high proton affinity. The
preferred location of Vg in the equatorial position ensures
that O, in the SrO layer remains largely unaffected by the
increased covalency of the Fe-O bonds opposite to the V¢5.
In the electronic density of states, O states from the SrO

layer have a higher center-of-gravity relative to the Fermi
level than FeO,-related states, designating them as preferred
protonation sites. Therefore Sr,FeO445 proves to be a suitable
model material for detailed first principles investigations of
proton uptake and migration in RP-type ferrates, whereas the
experimental realization focuses rather on the higher-order
phases.
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