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S1. Computational Details

We performed spin-polarized Kohn-Sham density functional theory (KS-DFT)P*
52 calculations using the Vienna Ab initio Simulation Package (VASP), version 5.2.2.15%
5 Electron exchange and correlation (XC) was treated within the generalized gradient
approximation (GGA) of Perdew, Burke, and Ernzerhof.’®! The projector augmented-
wave (PAW) method™" was used to describe the interaction of nuclei plus frozen core
electrons with the valence electrons. The PAW potentials taken from the VASP library™®
were labeled Sr_sv (4s%4p®5s?), K_sv (35°3p°4st), Fe (4s°3d°), and ‘regular’ O (25°2p%).
The “_sv” appended to the Sr and K PAW potentials indicates that the s and p semi-core
states were treated explicitly as self-consistently optimized valence states in our
calculations. We used the 80-atom cell shown in Figure 1 of the main text and the five-
atom primitive cell discussed in section S2 (vide infra). Integration over the first Brillouin
zone was performed using a 6 x 6 x 6 I'-point-centered k-point mesh for the 80-atom
supercell, a 16 x 16 x 16 Monkhorst-Pack!>" k-point mesh for the five-atom primitive
cell, and first-order Methfessel-Paxton smearing™®® (¢ = 0.1 ¢V) during geometry
optimizations. Geometry optimizations proceeded until the force on each nucleus was
less than 0.03 eV/A. Energies and densities of states (DOS) were refined at the relaxed
geometries using the tetrahedron method with Blachl corrections.**! A 750 eV kinetic
energy cutoff was used to truncate the planewave basis. These numerical parameters
converged the total energies to 5 meV/formula unit and kept the electronic entropy below
5 meV/formula unit during the relaxations.

In the supporting information (vide infra) we also report DFT calculations using

the local density approximation (LDA) to electron XC.5*# 531 Fyrthermore, self-



interaction errors produced by pure XC functionals are often significant for first-row
transition metal cations. We also used the rotationally invariant DFT+U method!®** 5%°]
with Uegs = U-J = 4.3 eV to assess the role of self-interaction error in our DFT
calculations. This Uess value was derived for Fe** from ab initio calculations.*®! A small
increase in Uet would be appropriate for Fe** because Ue; increases by 0.6 eV from Fe?*
to Fe* 151 However, we expect that Ues; = 4.3 eV will give qualitatively accurate results

suitable for answering the questions posed in this work.

S2. SrFeO; Validation

To ensure that we obtain an appropriate model for SrFeO3, we compare the
performance of traditional DFT-LDA and DFT-GGA methods with the LDA+U and
GGA+U methods for computing the electronic structure of ferromagnetic (FM) SrFeOs in

its primitive cubic cell (Figure S1).

Figure S1. The primitive cubic unit cell for the perovskite structure. This figure was

created using VESTA.! Color designations: Sr (green), Fe (brown), and O (red).



Results of this analysis are reported in Table S1. I'-point vibrational analysis properly
yields twelve real optical phonon modes and three real acoustic phonon modes for FM
structures obtained with each method in the primitive unit cell containing five atoms.
These results confirm that we have obtained valid minimum energy structures. Our DFT-
GGA results confirm previously published reportst*'® ¥ that the FM configuration is the
lowest energy collinear state for SrFeOs. The spin vectors on neighboring Fe sites are
nearly aligned because the spin-spiral in SrFeO3 propagates slowly.!*2% The spin-spiral
thus resembles the FM configuration more closely than any collinear antiferromagnetic

(AFM) configuration.®*®!

Table S1. Lattice constant (a in A), Fe magnetic moment (uge in pg), bulk modulus (By in
GPa), and Bader charges (qsr, Qre, and qo in €) of FM SrFeQOj3 (cubic perovskite structure)
computed with various DFT-based methods and XC functionals. Data are reported for the
ideal cubic perovskite unit cell (five atoms, Figure S1). The lattice constant and ur, are
compared with experiment. DFT+U results used the ab initio value Ueg e=4.3 eV.
Uncertainties in the bulk modulus values give the 95% confidence range from our curve
fit and do not account for errors arising from the approximate methods and XC
functionals.

Property Experiment DFT-LDA DFT-GGA LDA+U GGA+U

a 3.850° 3.746 3.858 3.784 3.904
Hre 2.7+0.4° 2.50 2.88 3.61 3.84
Bo 188 + 1 141+1 164 + 2 131+ 3
Jsr 1.54 1.58 1.53 1.59
Ore 1.47 1.66 1.61 1.68
Jo -1.00 -1.08 -1.05 -1.09

% Reference [S21]

Here, our results indicate that the DFT-GGA gives the best agreement with experiment
for the lattice constant and Fe magnetic moment (Table S1). To our knowledge, no
experimental value for the bulk modulus of SrFeO3 exists, although our LDA+U bulk

modulus (164 GPa, Ue=4.3 eV) shows reasonably good agreement with the LDA+U



bulk modulus reported by Shein et al.’*! (171 GPa, Ue=5.4 eV). We expect that the
actual value of the bulk modulus lies within the range of our computed values (131-188
GPa), with our DFT-GGA value (141 GPa) providing the best estimate of this property.

Understanding how DFT and DFT+U methods with LDA and GGA functionals
affect the electronic structure of SrFeQOj; clarifies which combination of theory and
functional provides the best description of SrFeO3. We therefore plot the atom-projected
DOS (PDOS, Figure S2) for FM, cubic SrFeOs. The DFT-LDA and DFT-GGA electronic
structures both show the metallic nature of SrFeO3 with a B-spin peak just above the
Fermi energy for the Fe 3d states. This behavior is consistent with high-spin (HS) Fe**
ions (3d* electron configuration). A purely HS 3d* configuration would have no Fe 3d
minority-spin contribution to the valence band. However, hybridization between the O 2p
states and Fe 3d states explains the existence of small, minority-spin Fe 3d contributions
in the valence band. Hybridization of the Fe 3d and O 2p states similarly leads to

contributions from the O 2p states in the conduction band.
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Figure S2. PDOS for SrFeO3; computed with DFT (LDA and GGA) and DFT+U (LDA
and GGA) methods. Positive PDOS values correspond to o (up) spin states while

negative PDOS corresponds to 3 (down) spin states. Color designations: Fe 3d states
(blue) and O 2p states (red).
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The hybridization between the a-spin Fe 3d and O 2p states agrees with the analysis of
X-ray photoemission spectra performed by Bocquet et al.’?* 52 Their parameter-based
configuration interaction model showed that the ground state of SrFeO3 involves
significant charge-transfer from the oxygen 2p orbitals into the Fe 3d levels, leading to a
combination of HS 3d * and 3d °L (L indicates a hole in an O 2p orbital) for the ground
state of SrFe03.5%! The DFT+U results resemble the regular DFT results, although a gap
now exists in the minority-spin channel. This reduces the metallic character of the SrFeO3

ground state, leading to excessively large values for the Fe magnetic moment (Table S1).



Furthermore, the hybridization between the Fe 3d and O 2p states is significantly lower
with the DFT+U description, as evidenced by the decreased presence of O 2p states
above the Fermi energy and lower overlap between the Fe 3d and O 2p peaks across the
spectrum of energies displayed. Our results contradict the assertion by Hamdad et al. that
the +U correction is required to describe SrFeOs.5Y DFT-LDA is far worse at describing
oxygen defects in perovskite materials, even though those calculations give a similar
electronic structure to the DFT-GGA calculations for SrFe03.5%! Since the DFT-GGA
results agree best with experimental lattice constants and electronic structure
observations, we choose DFT-GGA exclusively for the Sr;.«KsFeOj3 calculations reported

in the main text.

S3. SrO Reference Calculations

The energy of SrO arises in the equations for calculating the strontium vacancy
formation energy and the potassium substitution energy in SrFeOs. SrO exists in two
phases, as shown in Figure S3: the B1 (NaCl structure) and the B2 (CsCl structure)
phases.5?®! The B1 phase is the stable structure at room temperature, while the B2 phase
exists under high pressure (P > 35 GPa).l’*"! The important quantity therefore is the
energy of B1-SrO obtained using DFT-GGA calculations. To validate our approach, we
present results for both phases to verify that the B1 phase is more stable than the B2

phase at this level of theory.



(a) (b)

Figure S3. (a) B1 and (b? B2 phases of SrO. Colors: Sr (green) and O (red). Figure
created with VESTA.BY

First, we computed the equations of state for B1- and B2-SrO and fit them with
the Murnaghan equation of state (Figure S$4).5%! The results show that the B1 phase is

0.83 eV/formula unit more stable than the B2 phase.
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Figure S4. Energy per formula unit (eV/formula unit) vs. volume per formula unit
(A%formula unit) for the two B1 (NaCl structure) and B2 (CsCl structure) phases of SrO.



The equilibrium volume for the B2 phase is lower than the B1 phase, consistent
with the B2 phase being favored at high pressures. Our model is in good agreement with
experiment for the lattice constants (within 1.5%) and bulk modulus (within 8%) of B1-
SrO (Table S2). We also present the data for the B2 phase for completeness. Our bulk
modulus (B = 84 GPa) and lattice constant (a = 5.208 A) for B1-SrO agree reasonably
well with previous DFT-GGA results (B, = 86 GPa, a=5.197 A),?% with the small
discrepancies arising from differences in basis set and core electron representation. The
computed band gap (Egsp) is severely underestimated compared to experimental values, a

common occurrence with DFT-GGA calculations.[S3% 534

Table S2. DFT-GGA lattice constant (a in A), bulk modulus (B, in GPa), bulk modulus
pressure derivative (Bo'), band gap (Egap in €V), and equilibrium total energy (Eota in
eV/formula unit), as compared to available experimental data.

Quantity B1-SrO (thiswork) B1-SrO (experiment) B2-SrO (this work)

A 5.208 5.13265%I 3.143
Bo 84 88 + 715%I 90
91.3 + 2705%
By’ 4.3 6.0 +0.75%) 8.36
4.3 +0.35%
Egap 3.28 5.7 gV, 5% 2.79
5.9 e[Sl
Etotal -12.109 -11.279

We performed spin-polarized DFT-GGA calculations of B1- and B2-SrO with
VASP version 5.2.2. The planewave basis set was truncated at 750 eV, and we employed
an 8 x 8 x 8 Monkhorst-Pack!™” k-point mesh for both B1- and B2-SrO. Calculations
were performed with Gaussian smearing (¢ = 0.05 eV). The lattice constant was
computed from the equilibrium volume obtained by fitting the Murnaghan equation®*! to

the energy vs. volume data. We refined the final energies at the equilibrium structure



using the tetrahedron method with Blochl corrections.!®*] These numerical parameters

converge the total energy to 2 meV/formula unit.

S4. KO, Reference Calculations

Investigating potassium substitution in SrFeO3 required referencing potassium to
the most stable compound containing potassium and oxygen. Basic chemistry would lead
us to believe that potassium oxide (K2O) should be most stable. However, reviewing the
literature tells us that potassium superoxide (KO,) is the major product formed in the

combustion of potassium.*®!

Figure S5. Tetragonal crystal structure of KO,. Color designations: K (purple) and O
(red). Figure created with VESTA.BY]

KO crystallizes in a tetragonal lattice (Figure S5).*” Formally, the structure
contains superoxide O,~ ions and K" ions. It exhibits antiferromagnetic behavior at
temperatures below 7.1 + 0.5 K.*** The results of our calculation are summarized in

Table S3. Our structural results are within 4% of the experimental values. We observe

10



magnetic ordering consistent with the one described in the literature.l**® Sheets of
ferromagnetically aligned O, ions lie parallel to the (00I) planes and are aligned

antiferromagnetically with one another.

Table S3. DFT-GGA and experimental lattice constants (a and ¢ in A), bond length (do.o
in A) and magnetic moment of the O,” ion (4, In pg) for KO,.

Quantity Calculated (This Work) Experiment
a 5.58 5.704 + 0.0055*!
c 6.94 6.699 + 0.005!%!
do-o 1.36 1.28 +0.02,15% 1.32-1.35[54
He, 0.77 -

Consistent with previous DFT*Y and DFT+U* calculations, we found metallic
behavior for KO, (Figure S6). The PDOS show that the Fermi level lies in the middle of a

band consisting of minority O 2p states.
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Figure S6. PDOS for KO,. Positive PDOS corresponds to majority-spin states, while
negative PDOS corresponds to minority-spin states. Color designations: O 2p (red) and K
3p (black).
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This is not surprising, as the O,™ ion has three electrons in the degenerate n* states.>*’!

This assertion assumes that the MO structure for O, is not disrupted significantly by the
crystal field arising from the surrounding cations. Both of the DFT-based studies cited>*"
5421 employ spin-orbit coupling to describe KO,. We do not employ spin-orbit coupling
for our description of KO, in order to keep a consistent Hamiltonian for the calculations
that determine the energies used to calculate the K substitution formation energy
(Equation 2 in the main text).

We performed spin-polarized DFT calculations of KO, with VASP version 5.2.2.
The planewave basis set was truncated at 750 eV, and we employed a9 x 9 x 6
Monkhorst-Pack!™” k-point mesh. Calculations were performed with Gaussian smearing
(6 =0.05 eV). The structure was optimized until the external pressure was below 0.15
kBar and the forces were below 0.01 eV/A. We refined the final energies at the

equilibrium structure using the tetrahedron method with Blochl corrections.*! These

numerical parameters converge the total energy to 3 meV/formula unit.

12
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