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Abstract  

Both aliovalent doping and the charge state of multivalent lattice ions determine the oxygen 

non-stoichiometry (δ) of mixed ionic and electronic conductors (MIECs). Unfortunately, it has 

been challenging for both modeling and experiments to determine the multivalent ion charge states 

in MIECs. Here, the Fe charge state distribution was determined for various compositions and 

phases of the MIEC La1-xSrxFeO3-δ (LSF) using the spin-polarized density functional theory 

(DFT)-predicted magnetic moments on Fe. It was found that electron occupancy and crystal-field-

splitting-induced differences between the Fe 3d-orbitals of the square pyramidally coordinated, 

oxygen-vacancy-adjacent Fe atoms and the octahedrally-coordinated, oxygen-vacancy-distant-Fe 

atoms determined whether the excess electrons produced during oxygen vacancy formation 

remained localized at the first nearest neighbor Fe atoms (resulting in small oxygen polarons, as 

in LaFeO3) or were distributed to the second-nearest-neighbor Fe atoms (resulting in large oxygen 

vacancy polarons, as in SrFeO3). The progressively larger polaron size and anisotropic shape 

changes with increasing Sr resulted in increasing oxygen vacancy interactions, as indicated by an 

increase in the oxygen vacancy formation energy above a critical δ threshold. This was consistent 

with experimental results showing that Sr-rich LSF and highly oxygen deficient compositions are 

prone to oxygen-vacancy-ordering-induced phase transformations, while Sr-poor and oxygen-rich 

LSF compositions are not. Since oxygen vacancy induced phase transformations cause a decrease 

in the mobile oxygen vacancy site fraction (X), both δ and X were predicted as a function of 

temperature and oxygen partial pressure, for multiple LSF compositions and phases using a 

combined thermodynamics and DFT approach.  
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1. INTRODUCTION  

Due to their high electronic and oxygen ion conductivities, Mixed Ionic Electronic 

Conducting (MIEC) oxides are used for a variety of electrochemical devices including solid oxide 

fuel cells,1–4 gas sensors,5 gas separation membranes,6 memristors,7 etc. Unfortunately, the 

performance of these devices is often limited by poor oxygen transport within the MIEC.8 For 

prototypical MIECs such as lanthanum strontium ferrite (LSF, La1-xSrxFeO3-δ (0 ≤ x ≤ 1), past 

studies have shown that the amount of aliovalent Sr doping, the charge distribution of the 

multivalent Fe cations, interactions between the oxygen vacancies, and the overall oxygen non-

stoichiometry, δ, can impact the mobile oxygen vacancy site fraction, X, and hence the ionic 

conductivity.8–11 

However, the mechanistic details explaining the complicated interplay between these 

factors has yet to be fully established.2,3,8,12–14 It is well known that the low oxygen vacancy content 

of many “Sr-poor” LSF concentrations (such as the LSF end member LaFeO3-δ (LFO) which has 

a large oxygen vacancy formation energy, ∆𝐸௩௔௖
௙ ,  of ~ 4 eV at 0 K)10,15 can be increased through 

the extrinsic aliovalent Sr substitution of La via the reaction (in Kröger-Vink notation): 

              2𝑆𝑟𝑂 → 2𝑆𝑟௅௔
ᇱ ൅ 2𝑂ை

௫ ൅ 𝑉ை
           [1] 

However, under many conditions, the extrinsic aliovalent Sr dopant level, x  in La1-xSrxFeO3-δ, does 

not independently determine δ because the mixed charge of Fe in La1-xSrxFeO3-δ  (which varies 

from 3+ in LaFeO3 to 4+ in SrFeO3) can cause δ to vary from 0 to  ~ 𝑥/2.15,16 In LSF, this internal 

redox reaction can be written as:15 

                2𝐹𝑒ி௘
• ൅ 𝑂ை

௫  → ଵ

ଶ
𝑂ଶሺ௚ሻ ൅ 𝑉ை

•• ൅ 2𝐹𝑒ி௘
௫            [2]  

In addition, the overall oxygen non-stoichiometry, δ, is not always proportional to the mobile 

oxygen vacancy site fraction, X. For instance, the LSF end member SrFeO3-δ (SFO) has a very low 
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∆𝐸௩௔௖
௙  ൎ 0.4 eV and hence at room temperature it possesses a δ of 0.03, but the X is so low at high 

temperature that it is seldom used for SOFC applications.17–19 This is because as δ increases, the 

average distance between the oxygen vacancies shrinks, and beyond a critical δ (or below a critical 

vacancy-to-vacancy distance) oxygen vacancy interactions lead to an increase in the oxygen 

vacancy formation energy,20,21 and eventually oxygen vacancy interactions induce phase 

transformations that decrease X by rearranging oxygen vacancies into a non-mobile, orderly 

array.17,18 This partitioning of 𝛿 between X and the number of non-mobile oxygen vacancies per 

formula unit structurally required to form the particular crystal structure, 𝛿଴, is summarized by the 

equation: 

𝛿 ൌ 𝛿଴ ൅ ሺ3 െ 𝛿଴ሻ𝑋            [3]  

While many past studies have justified the LSF conductivity maximum occurring at intermediate 

LSF compositions as a compromise between doping and oxygen vacancy ordering,15,22 a detailed 

understanding of the mechanistic reasons why some intermediate compositions and/or phases are 

better than others has yet to emerge.  

MIEC oxygen vacancy ordering is often discussed in terms of oxygen vacancy polarons, 

which Landau23 defined as the excess charge (generated here during the formation of a charge 

neutral oxygen vacancy) and the surrounding lattice strain field. Since the excess electrons 

generated during oxygen vacancy formation both screen the charge on their associated oxygen 

vacancy site and induce lattice distortions, they impact the formation of subsequent oxygen 

vacancies at high δ. While it is hard to exactly define polaron size and shape because the partial 

excess charges are distributed to both the Fe and O atoms around a missing lattice oxygen,24,25 for 

simplicity, one can estimate the polaron size and shape based on the spatial deviations in transition 

metal charge states alone. For example, Castleton et al.,25 defined the oxygen vacancy polaron in 



 

4 
 

ceria as the localized electrons on two Ce atoms adjacent to an oxygen vacancy site.26 Our recent 

SFO study19 also took this approach and found that the strong oxygen vacancy interactions in this 

LSF end member were due to a very large oxygen vacancy polaron size. Specifically, it was found 

that electron occupancy and crystal-field-splitting-induced differences between the 3d electron 

orbitals of the square pyramidally coordinated, oxygen-vacancy-adjacent Fe atoms and the 

octahedrally-coordinated, oxygen-vacancy-second-nearest-neighboring Fe atoms caused the two 

electrons left behind during oxygen vacancy formation in cubic SFO to spread to the second 

nearest neighbor Fe (instead of the Fe directly connected to the vacancy) resulting in extended 

lattice distortions that promoted strong oxygen vacancy interactions.19 However, the distribution 

of the excess electrons generated by oxygen vacancy formation in La1-xSrxFeO3-δ has not been 

examined. Further, a detailed understanding of the relationship between the Fe charge state 

distribution associated with polaron and oxygen vacancy interactions in LSF has been missing 

from the literature. This is partially due to the difficulty in determining the actual Fe charge 

distribution within LSF, for both experimentalists and theorists.10,15,16,27,28 For instance, while it is 

recognized that La1-xSrxFeO3-δ has a mixture of both Fe3+ and Fe4+ ions, it is still debated where 

Fe3+ or Fe4+ sits in vacancy-containing lattices.  

Unfortunately, past attempts to understand the relationship between the Fe charge state 

distribution, the La:Sr ratio, and the oxygen vacancy interactions in LSF have been limited. For 

instance, Ritzmann et al.,10 calculated that the oxygen vacancy formation energy, ∆𝐸௩௔௖
௙ , increased 

in La0.75Sr0.25FeO3-δ, decreased in La0.5Sr0.5FeO3-δ, and remained a constant in LFO, when δ 

increased from 1/32 to 1/8. However, their interesting δ-dependent oxygen vacancy formation 

energies did not contain an analysis of the oxygen vacancy interactions or the Fe oxidation states 

in LSF. Further, Mastrikov et al.,29 showed that ∆𝐸௩௔௖
௙  increased with higher La:Sr ratio in LSF 
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(from SFO to La0.5Sr0.5FeO3-δ (LSF55) to LFO) at a fixed δ = 1/8. This increase of ∆𝐸௩௔௖
௙  with 

increasing La:Sr ratio was qualitatively related to the oxidation state on Fe but the reasons for the 

measured δ peak around a La:Sr ratio of 0.6:0.4 were not discussed. Furthermore, even though the 

experimental results of Dann et al.,30 Patrakeev et al.,16 and Fossdal et al.,31 have confirmed that 

the La1-xSrxFeO3-δ crystal structure evolves from orthorhombic (0 ≤ x ≤ 0.2) to rhombohedral (0.4 

≤ x ≤ 0.7) to cubic (0.8 ≤ x ≤ 1.0) at room temperature, and Fossdal et al.31 observed a rhombohedral 

to cubic second-order phase transition when rhombohedral LSF55 was heated from room 

temperature to 523±50 K (in air), these phase changes were not well captured in previous DFT-

based oxygen vacancy calculations. For example, Ritzmann et al.10 and Mastrikov et al.29 used a 

cubic supercell for all LSF structures where x ranged from 1/32 to 1/8, even though experiments 

have shown that LSF is not cubic at those La:Sr ratios. Recently Taylor et al. used an orthorhombic 

supercell for LFO but unfortunately did not explore other La:Sr ratios.32  

Therefore, the aim of the present study was to correctly establish the underlying 

mechanistic relationships between the La:Sr ratio, the Fe charge state, the oxygen vacancy polaron 

size and shape, δ and X. Here, three different LSF compositions, LaFeO3-δ (LFO), La0.5Sr0.5FeO3 

(LSF55) and (SrFeO3) SFO were studied. SFO and LFO represent the parent phases31 of LSF and 

LSF55 was selected for its high oxygen ionic conductivity16,22 and as a representative structure of 

the commonly used SOFC cathode material LSF64 (La0.6Sr0.4FeO3-δ).3,15 The study objectives 

were achieved using a combined thermodynamics and DFT+U approach performed by first, 

appropriately selecting a suitable U parameter (as described in Sections 2.2. and 3.1a), second, 

using a magnetic moment interpreted charge calculation, instead of the traditional and in this case 

insensitive Bader charge analysis, to determine the Fe charge state (as described in Section 3.1b), 

third, validating the DFT simulations with known experimentally determined physical properties 
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(as described in Sections 3.1c and 3.2), fourth, calculating the effect of oxygen vacancy 

interactions on ∆𝐸௩௔௖
௙  (as described in Section 3.3), and fifth, using a previously-developed 

thermodynamic model19 to predict X for various LSF compositions and phases under SOFC 

operating conditions. 

2. COMPUTATIONAL DETAILS 

2.1 DFT Calculation Details for La1-xSrxFeO3 (LSF) Structures 

The plane wave based ab initio simulation package, VASP (Vienna Ab initio Simulation 

Package) was used for all the ground state (0 K, zero pressure) calculations. Projector-augmented-

wave (PAW) potentials with valence configurations of 5s25p65d16s2 for La, 4s24p65s2 for Sr, 3d74s1 

for Fe, and 2s22p4 for O were used to describe the valence electrons. The generalized gradient 

approximation (GGA) functional along with Perdew, Burke, and Ernzerhof (PBE) parameters were 

used to describe the exchange-correlation potentials of the constituting elements. Fe was treated 

with the GGA+U method with a Ueff = 3. A detailed discussion of the Fe atom U parameter 

selection process is provided in Sections 2.2 and 3.1a. Spin-polarized calculations were performed 

and the magnetic moment on each Fe was calculated by spherical integration. The accuracy for the 

electronic calculations was within 1 μeV. A single point energy calculation was performed to test 

the convergence of the cut-off energy and k-points for each input lattice. It was concluded from 

the k-mesh calculations that a k-spacing of 0.2 Å-1 was sufficient for the required accuracy of 1 

meV/atom when the cutoff energy was set to 500 eV. Ionic relaxations were performed until the 

Hellmann-Feynman force on each atom reached the order of 10 meV/ Å.33 

The ground state energy for all three oxygen-stoichiometric (i.e. δ = 0) LSF compositions 

was calculated with six different initial structures (three crystal structures, as shown in Fig 1, 

multiplied with two magnetic ordering arrangements), by allowing the cell shape and atom 
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positions to relax. Among these six input structures, the one with the minimum energy per formula 

unit was considered as the (ground state) crystal structure for that composition. The calculated 

crystal structures, lattice parameters, bond lengths, low-temperature magnetic ordering 

arrangements, and band gaps for stoichiometric SFO, LSF55, and LFO were benchmarked with 

experimental or computational studies whenever available in the literature.  

 

2.2 Selection of U Parameter  

DFT with a Hubbard-U approach (DFT+U)34 was used to address the on-site electronic 

interactions of the 3d-orbitals in the multivalent Fe atoms. This method has been shown to 

accurately predict the enthalpy of formation for oxides, the open circuit voltage in Li-ion batteries, 

phase diagrams, chemical reaction barriers, etc. for many transition-metal-containing 

materials.8,35–37 In the DFT+U framework, spherically averaged Coulombic and exchange 

interactions for the electrons, denoted by U and J respectively, enter into DFT calculations as 

overhead terms.38 Following the approach of Dudarev et al.,34 these U and J parameters can be 

combined as Ueff  = U – J, or used simply as a U parameter. The Hubbard-U parameter can be 

selected either directly employing ab initio methods like constrained-DFT38,39 or based on 

empirically fitting experimental properties such as the band gap, magnetic moment, lattice 

parameters, bulk modulus, etc.7,34,36,40,41 In some DFT+U studies, different transition metal charge 

states were treated with different U parameters. For example, Mosey et al.,39 treated Fe2+ and Fe3+ 

with Ueff = 3.7 and 4.3 respectively, giving reasonable lattice parameter, magnetic moment, band 

gap and other physical property agreement for Fe2O3 and FeO. However, the energies calculated 

with different U parameters should not be compared (since the electrons are more localized with 
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increasing U), making it impossible to use that approach to perform comparative studies of 

different LSF phases containing mixed Fe oxidation states.  

In the present study, because the local formal charge state on Fe was allowed to vary from 

2+ ~ 4+ (due to the changing La/Sr ratio and the changing oxygen vacancy content), a single U 

parameter was required to treat all the multi-valent Fe atoms. GGA+U calculations were performed 

for (orthorhombic, FM) LFO and (cubic, FM) SFO with the U parameter over a range of 0.2 to 4.0 

eV. The U-parameter was selected based on a careful comparison with the experimentally 

observed magnetic moments (as shown in Figure 2a) and lattice parameters (as shown in Figure 

2b) of the LSF end members. The reason behind the selection of U to match both LFO and SFO 

was that the charge on Fe in LSF varies between 3+ and 4+, and  the charge on Fe in LSF can be 

further interpreted as a linear mixing of  3+ and 4+ (as shown in Figure 3).42  

 

2.3 Calculation of the Oxygen Vacancy Formation Energy (0 K) and Oxygen Vacancy 
Formation Free Energy (as a Function of Temperature and Oxygen Partial Pressure) 

For the defect reaction given in Equation 2, the neutral oxygen vacancy formation energy, 

∆𝐸௩௔௖
௙ , was calculated from the DFT+U predicted energy of a stoichiometric lattice (δ=0), 

𝐸௣௘௥௙௘௖௧
஽ி் , and non-stoichiometric lattice, 𝐸ௗ௘௙௘௖௧௜௩௘

஽ி்  (with one oxygen vacancy), using the 

relationship:33 

∆𝐸௩௔௖
௙ ൌ 𝐸ௗ௘௙௘௖௧௜௩௘

஽ி் െ 𝐸௣௘௥௙௘௖௧
஽ி் ൅ ଵ

ଶ
𝐸ைమ

஽ி்     [4] 

where, 𝐸ைమ
஽ி்  is the energy of an isolated oxygen molecule.43 A detailed discussion of the 

computation of 𝐸ைమ
஽ி் is available in Das et al..19 Here, ∆𝐸௩௔௖

௙  was calculated with different δ by 

varying the supercell size, mimicking a uniform vacancy distribution.  
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To facilitate direct comparison with experimentally measured δ values, the computed 

∆𝐸௩௔௖
௙  was converted to an oxygen vacancy formation free energy, ∆𝐺௩௔௖

௙ , as a function of 

temperature (T) and oxygen partial pressure (𝑝ைమ
) using the relationship:44,45 

∆𝐺௩௔௖
௙ ൌ ∆𝐸௩௔௖

௙ ൅ ଵ

ଶ
൫∆𝜇ைమ

଴ ሺ𝑇ሻ ൅ 𝑘𝑇𝑙𝑛𝑝ைమ
൯     [5] 

where, ∆𝜇ைమ
଴ ሺ𝑇ሻ is the free energy of oxygen gas at a temperature T and standard state pressure 

(𝑝ைమ
= 1 bar), including the excess energy due to phonon vibration contributed by the lattice 

oxygen. The calculation of ∆𝜇ைమ
଴ ሺ𝑇ሻ was performed utilizing available thermodynamics data, as 

reported in Das et al.19 Since ∆𝐺௩௔௖
௙  may increase with increasing LSF oxygen non-stoichiometry, 

a generalized equation to predict the oxygen vacancy site fraction, X as a function of temperature, 

oxygen partial pressure and vacancy concentration was utilized: 

௑

ଵି௑
ൌ exp ൬െ

∆ீೡೌ೎
೑ ሺ்,௣,௑ሻ

ோ்
൰     [6] 

Note, this equation can be used for both dilute and interacting vacancies. The oxygen vacancy site 

fractions were calculated by solving Equation 6.19 

 

3. RESULTS AND DISCUSSIONS 

3.1 Validation with Experiments   

First, the calculation methods were tested for their ability to accurately predict the 

experimentally observed LSF crystal structures, lattice parameters, and low temperature Fe 

magnetic ordering arrangements. According to experiments, the representative LFO, SFO, and 

LSF55 compositions exhibit orthorhombic, cubic, and rhombohedral structures, respectively, at 

room temperature.13,17,46 In addition to the different crystalline structures shown in Figure 1, they 

can also exhibit magnetic ordering, as indicated by Mössbauer results showing G-type Fe 
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antiferromagnetic (AFMG) ordering for  0< x< 0.3 and paramagnetic Fe ordering for x > 0.4, at 

room temperature.47  

 

a) Calibration of the U Parameter Based on the Fe Magnetic Moment and Lattice 
Parameters of the LSF End Members 
 

Figure 2a shows a comparison between the experimental and computed Fe magnetic 

moments with varying U-parameter (from 0.2 to 4) for LFO and SFO, represented by lines and 

solid dots, respectively.  SFO showed a steady increase in the magnetic moment of Fe with 

increasing U parameter but the magnetic moment of Fe in LFO fluctuated (Figure 2a), possibly 

due to the existence of additional minima as a result of  different possible electronic distributions.48 

The experimental magnetic moment for Fe in LFO was reported by Koehler et al.49 as 𝜇ி௘యశ = 4.6 

± 0.2 μB (Figure 2a, dashed line) and it is a widely acceptable value in the literature.50–52  In 

contrast, difficulty in the experimental sample preparation of stoichiometric cubic SFO53,54 has 

resulted in a large variability in the experimentally measured Fe magnetic moments in SFO.54–56 

Nevertheless, most of the experimental data indicates that Fe has a high spin state in SFO.53,57–59 

In a recent comprehensive study, Reehuis et al.54 measured the magnetic moment on Fe in 

stoichiometric cubic SFO as 𝜇ி௘రశ = 2.96 μB (Figure 2a, dotted line) with neutron diffraction, at 2 

K.  

Figure 2b compares the computed lattice parameters of LFO and SFO with experimental 

results. Note, to allow a comparison of the computed and experimental lattice parameters in a 

single plot, all the LFO lattice parameters were divided by √2 before plotting in Figure 2b. As done 

previously for SFO,19 based on a comparison of the computed versus experimental lattice 

parameters and magnetic moments for both LFO and SFO in Figure 2, a Ueff = 3 was selected. 
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With this value of U, the lattice parameters showed a maximum deviation of 1.75 % from their 

experimentally-measured room temperature values. The selection of Ueff = 3 also resulted in a 

reasonable agreement between the computed and experimentally measured magnetic moments. 

The computed magnetic moment was 𝜇ி௘యశ = 4.23 μB for Fe3+ in LFO, and was 𝜇ி௘రశ = 3.61 μB 

for the Fe4+ present in SFO, both of  which were similar to the experimental values.49,50,54 In some 

earlier computational studies with multivalent Fe atoms, the focus was on Fe3+ containing 

compounds, for which a Ueff = 4 60 or 5.4 61 was employed. However, only a few studies exist 

where Fe multi-valence states were treated with a single U parameter. For example, Muñoz-García 

et al.,62 treated 2+, 3+, and 4+ charge states on Fe with Ueff  = 4 and Ritzmann et al.,10 used Ueff = 

5.4, where the Fe charge state varied from 3+ to 3.5+. One consequence of using such a high U-

parameter is that the vacancy formation energy might be underestimated.19  For example, it was 

reported in our previous study that Ueff = 4 would lead to a lower oxygen vacancy formation energy 

in SFO, resulting in a ~200˚C difference in the temperature required to generate the oxygen non-

stoichiometry observed in cubic SrFeO3-δ in the air.19 Thus, when Ritzmann et al.,10 used Ueff = 

5.4 in their calculations, the underestimated vacancy formation energy led to an unphysical 

(negative) oxygen vacancy formation free energy at 700oC for LSF55. As will be shown in Section 

3.1b and c,  a Ueff =3 also gave the correct band gap and phases for various SFO compositions and 

phases.  

b) Magnetic Moment Interpreted Charge versus Total Bader Charge 
 

Bader charge analysis is a widely used and efficient method to define formal charge on 

atoms.63,64 However, as shown in Table 1, the calculated total Bader charge analysis indicated 

charges on Fe in LFO, LSF55 and SFO were 2.00+, 2.03+ and 2.04+ respectively, while the 

calculated Bader charge on O became less negative as -1.36, -1.30, -1.21, respectively. If the Bader 
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charge is correct, it should be expected that with less negative charge on O (and essentially constant 

charge on Fe), the Fe-O bond will become weaker and the bond length will increase in going from 

LFO to SFO. However, the Fe-O bond length decreases from LFO to SFO (as shown in Table 1). 

If the charge on Fe changes from 3+ to 4+ from LFO to SFO, (as one might think from the incorrect 

but broadly used formal point charge and oxidation state analysis commonly employed by the 

Materials Science and Engineering research community) the Fe-O bond length should decrease, 

which is consistent with the computed and experimental bond lengths. This signifies that the 

calculated total Bader charge on O may be wrong and that on Fe was insensitive to the local 

electronic environment in LSF, and therefore was difficult to use, to determine the formal charge 

on Fe. Fortunately, the total unpaired electrons obtained via spin polarized Bader charge analysis 

of Fe show a significant variation from 3.88 to 4.64 e from SFO to LFO. Hence, the magnetic 

moment, which is a manifestation of the unpaired electrons in an element, was used to interpret 

the charge state on Fe. As we want to facilitate a comparison with experimentally predicted formal 

charge on Fe in LSF,42 we have assumed localized electron on Fe and used magnetic moment 

interpreted charge comparable to spin polarized Bader charge. Accordingly, the magnetic moment 

calculated by VASP was used to interpret the formal charge state on Fe. Note, neither the spherical 

integration of charge used in a VASP calculation nor the Voronoi integration used in the Bader 

method gave the exact formal charge on Fe in LSF. Therefore, a magnetic moment of 4.23 μB for 

Fe was assigned to represent Fe3+ and 3.61 μB for Fe4+ in agreement with the LSF end member Fe 

charge states and magnetic moment discussed in Section 3.1a. It is possible that after neutral 

oxygen vacancy generation, some oxygen-vacancy-neighboring Fe3+ atoms will adopt a charge 

closer to Fe2+. Although Fe2+ was not considered in the U-parameter selection, its charge was 

calibrated with the magnetic moment of Fe2+ in (planar) SrFeO2. Since Fe2+ has the same number 
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of unpaired electrons as Fe4+, it give rise to a magnetic moment of 3.68 μB which is close to the 

𝜇ி௘రశ = 3.61 μB (and comparable to experimentally reported SrFeO2 magnetic moment at 10 K).65 

Figure 3 shows the computed magnetic moment and the formal charge on Fe compared to 

the experimentally measured average charge on Fe in LSF, which also shows a linear relationship. 

Hence, in the current work an intermediate magnetic moment was interpreted as a linear 

interpolation between 3+ and 4+ charge states.42 In LSF55, Fe is expected to carry a formal charge 

of 3.5+ and from the linear relation of charge and magnetic moment, Fe3.5+ corresponds to a 

magnetic moment of 3.92 μB, which was very close to the VASP calculated magnetic moment of 

3.94 μB for Fe3.5+ in rhombohedral LSF55. Overall, the selection of Ueff = 3 and the magnetic 

moment interpreted charge jointly captured the Fe charge state ranging from Fe2+ to Fe4+ in LaxSr1–

xFeO3-�.  

 

c) LSF Crystal Structures, Magnetic Ordering, and Band Gap at Low Temperature 

 Figure 1 shows the energetically favored crystal structures for LFO, SFO, and LSF55. In 

order to determine the ground state lattice structure for each LSF composition, three possible 

crystal structures each with two possible Fe magnetic ordering arrangements (ferromagnetic, FM, 

and anti-ferromagnetic, AFMG), were computed. From energy minimization, the stable, lowest-

energy structures, presented in Table 2, were determined and illustrated in Figure 1. In Table 2, 

ΔE denotes the excess energy of a structure above the minimum energy of each composition, the 

‘μB’ column denotes the magnetic moment on Fe in the structure, and the “tilt angle” denotes the 

Fe-O6 octahedral tilt angle (which varies with the lattice structure and La/Sr ratio).   

 In accordance with experiments,49 the orthorhombic (Pbnm) crystal structure with AFMG 

ordering was predicted as the stable LFO structure. The calculated lattice of 5.672 Å x 7.923 Å x 
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5.582 Å also compared well to the experimentally reported lattice parameters.46,49 The Fe-O6 

octahedra in LFO showed a Z-out distortion (the b-axis in Figure 1a) with four 2.040 Å Fe-O bonds 

in the XY plane (the ac plane in Figure 1a) and two 2.057 Å bonds in the Z-direction (b-axis in 

Figure 1a). These Fe-O bond lengths are comparable to the experimentally measured average bond 

length of 2.006 Å.46 The computed octahedral tilt was 154o (the bond angle of Fe-O-Fe) which 

was comparable to experimentally reported octahedral tilt of 157o.46  

 For stoichiometric SFO, the predicted phase is the experimentally reported low temperature 

cubic structure (space group: 𝑃𝑚3ത𝑚ሻ with FM Fe ordering and a lattice parameter of 3.881 Å, 

which agreed well with experiments55 (note, FM ordering was used to simplify the experimentally-

reported helical Fe magnetic orientation arrangement in the 2K neutron diffraction SFO study of 

Reehuis et al.).54 The predicted magnetic moment on Fe was 3.61 μB, which is similar to a literature 

DFT+U value of 3.7 μB calculated with U=5.4.50 All the Fe-O bond lengths in SFO were equal to 

1.940 Å due to octahedral (Oh) symmetry (Figure 1d) and were comparable to the experimentally 

reported bond length of 1.928 Å (measured at room temperature).66  

For LSF55, the cubic, orthorhombic, rhombohedral structures were computed. The unit 

cell for rhombohedral LSF55 was depicted by a hexagonal lattice following the work of Kharton 

et al.13  In light of the 0 to ~600K single phase behavior of LSF55 observed by X-ray 

diffraction31,66,67 and the insensitive oxygen vacancy formation energy on the site ordering of La/Sr 

simulated by Ritzmann et al.,10 an La/Sr ordered LSF55 phase was assumed. Thus, the 6a Wyckoff 

positions were assumed to be equally shared by La and Sr and an alternate layer of La-O and Sr-

O was assumed, separated by the Fe-containing layer, as shown in Figure 1b. The present 

calculations correctly predicted that a hexagonal (rhombohedral) lattice structure with a R32 space 

group is energetically favorable for LSF55. The calculated lattice length of the hexagonal unit cell 
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was a = 5.564 Å and c = 13.451 Å, and compared well with the experimental values (a = 5.5150 

Å, c = 13.4287 Å).13 In any octahedron, three of the calculated Fe-O bond lengths were 1.986 Å 

and the other three were 1.971 Å. Along the Fe-O-Fe-O direction, the Fe-O-Fe bond angle between 

two Fe-O6 octahedra alternated between 166˚ and 161˚ and the Fe-O bond lengths also alternated 

between 1.986 and 1.971 Å. These calculated bond lengths are comparable to experimentally 

reported average Fe-O bond length of 1.954 Å (at room temperature).66 Although it was predicted 

that FM order had a lower energy than AFM, the energy difference was only ~0.06 eV/f.u., and 

hence not in disagreement with the AFM magnetic orientation measured in LSF55 with Mössbauer 

spectroscopy at 78 K.42  

 Figure 4 shows the band gap for each energetically favored lattice structure. The partial 

density of states (PDOS) was calculated for both FM and AFMG ordering in LFO as shown in 

Figures 4a and 4b. The computed band gap was 0.5 and 2.0 eV for FM and AFMG ordering, 

respectively. The band gap predicted in AFMG LFO was comparable to the experimentally 

observed optical band gap of 2.1 eV measured at room temperature.68  Cubic SFO shows a metallic 

behavior,54 as correctly predicted in Figure 4e. The good match between the various predicted and 

measured properties for the other SrFeO3-� phases can be found in our previous study.19  The 

PDOS was calculated for both FM and AFMG magnetic ordering in LSF55 and reported in Figure 

4c and 4d. Though there are few DOS observed close to Fermi energy with a FM orientation 

(Figure 4c), the AFMG ordered structure has an energy gap of 1.6 eV, comparable to earlier 

computational studies.10  

Overall, the DFT settings successfully predicted that orthorhombic AFM, rhombohedral 

(hexagonal) (FM or AFM), and cubic (FM) were stable structures for LFO, LSF55, and SFO, 

respectively, at low temperature.  
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d) Choices of LSF Crystal Structures at SOFC Operating Temperature 

 Since, high temperature oxygen vacancy nonstoichiometry is important for SOFC 

applications, oxygen vacancy formation was studied in the high temperature LSF phases  

experimentally determined to be stable.18,31 In terms of high temperature crystal structure, although 

LFO transforms from orthorhombic to rhombohedral at 1278±5 K (in air), rhombohedral LFO was 

not considered since the phase transition temperature is above typical SOFC operating 

temperatures. On the other hand, LSF55 shows a second order phase transition from rhombohedral 

to high-temperature cubic at around 523±50 K (in air).31 For this reason, oxygen vacancy formation 

calculations were performed in both cubic and rhombohedral LSF55 phases. The rhombohedral 

LSF55 structure is shown in Figure 1c. SFO undergoes multiple vacancy ordering induced phase 

transitions as it progresses from cubic to tetragonal to orthorhombic to brownmillerite in a 

temperature range of 273 to 1273 K.17 The oxygen vacancy formation calculations in these four 

SFO phases were performed by Das et al.,19 and some of those computational results are presented 

in this paper for comparison. As shown in Figure 1, in all these structures, the perovskite (ABO3) 

B-site (transition metal, here Fe)  was coordinated to six oxygen atoms, forming an octahedral 

(Oh) Fe-O6 coordination.69 All the oxygen atoms were shared by two octahedra at their corners. 

After oxygen vacancy formation, the octahedral Fe adjacent to oxygen vacancy formation site went 

into Fe-O5 square-pyramidal (SP) coordination.  

 In term of magnetic ordering, the Néel temperature for LFO is 750 K49, and it is rapidly 

reduced with increasing Sr content. In fact, for LSF55 it is ~210 K,47 and for SFO it is 133 K.54 

These Néel temperatures are much below the temperature range used for SOFC operation (and 

hence the oxygen vacancy site fraction calculations). Thus, Fe in all the LSF phases lose their 
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magnetic ordering and become paramagnetic (PM) at the SOFC operating temperature (>1000 K). 

However due to the computational complexity of modeling PM ordering, FM ordering was 

assumed on Fe,19,29 for all oxygen vacancy formation calculations.  

 

3.2 LSF Oxygen Vacancy Polaron Size and Shape  

 

In this section, the vacancy formation sites and the oxidation state changes on Fe upon 

oxygen vacancy generation in various LSF phases were analyzed to determine the shape and size 

of the oxygen polarons shown in Figure 5. The Fe oxidation state changes on were explained by 

the electron occupancy and crystal-field-theory schematics shown in Figure 6. 

a) LaFeO3-δ 

In LFO, there are two different oxygen vacancy formation sites, one of which is between 

the long (2.057 Å) and short (2.040 Å) Fe-O bonds while the other one is between two short (2.040 

Å) Fe-O bonds (Figure 1a). The oxygen vacancy formation calculations showed that the two-

different oxygen vacancy formation sites have similar oxygen vacancy formation energies, 

differing by less than 0.01eV (i.e. within the energy resolution of the present study). The magnetic 

moment interpreted charge discussed in Section 3.1b showed that after oxygen vacancy formation, 

the two Fe atoms connected to the oxygen vacancy site changed their charge states from 3+ to 

2.3+, while all the other Fe atoms in the lattice maintained their charge at 3+ (as in perfect LFO). 

This indicates that after oxygen vacancy formation, the excess electrons generated by neutral 

oxygen vacancy formation remained localized to the oxygen vacancy adjacent area and formed a 

relatively small polaron, as shown by Figure 5a. Bader charge analysis before and after oxygen 

vacancy formation also shows the charge localization on vacancy adjacent Fe in LFO. The total 
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Bader charge on oxygen vacancy adjacent Fe changed by more than 0.5 e but the charge change 

from total Bader analysis on other neighboring atoms (including La, Fe, and O) was less than 0.05 

e. This charge localization can be simply explained by the electronic distribution on the oxygen-

vacancy-adjacent Fe d-orbitals. According to crystal field theory, the Fe d-orbitals in the octahedral 

coordination found in the perfect LFO lattice split into t2g
3eg

2, which can be further split into 

b2g
1eg

2b1g
1a1g

1 due to Jahn-Teller distortions, as shown in Figure 6a. All the Fe atoms in perfect 

LFO are in the 3+ high-spin state with each Fe containing five electrons in its 3d orbital ([Ar] 3d5), 

indicated by the blue arrows in Figure 6a. As a geometric consequence of losing a neighboring 

oxygen during oxygen vacancy formation, the two first-nearest-neighboring Fe atoms become SP 

coordinated, creating a different d orbital splitting situation of eg
2b2g

1a1g
1b1g

1. To minimize the 

system energy, the two electrons produced during neutral oxygen vacancy formation are 

distributed to the lowest energy level of d-orbitals of each Fe in the SP coordination. Hence, in 

LFO the excess (i.e. polaron) electrons remain localized and adjacent to the oxygen vacancy site. 

A schematic of the polaron (shown in yellow in Figure 5a and with a perspective view of oxygen 

vacancy adjacent lattice area in Figure 5e), show the resulting small LaFeO3-δ polaron which is 

elongated along the Z direction with a length of ~4.0 Å. 

 

b) SrFeO3-δ 

 In cubic SFO, the electrons produced by a neutral oxygen vacancy formation do not remain 

localized on the first-nearest-neighboring Fe connected to the oxygen vacancy. According to total 

Bader charge analysis charge change on Fe after the formation of oxygen vacancy in SFO was 

insignificant (less than 0.1 e). Whereas, spin polarized Bader charge calculation shows the change 

of charge on the second nearest neighboring Fe was close to 0.1 e. Charge change on Sr after the 
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formation of oxygen vacancy was less than 0.03 e (insignificant). So, there is no impact of oxygen 

vacancy polaron on Sr. According to the magnetic moment interpreted charge, the charge on two 

Fe connected to the oxygen vacancy site increased by 0.2+ and the charge on the eight second-

nearest-neighboring Oh-Fe reduced by 0.2+.19 The reason for this long-range charge transfer can 

also be explained by the electron distribution in the Fe 3d-orbitals split in different Fe-O polyhedra. 

Specifically, before oxygen vacancy formation, the electron d-orbital distribution of Oh-Fe4+ is 

t2g
3eg

1 (as there is no octahedral distortion in perfect SFO).19,70 The Fe in perfect SFO has an [Ar] 

3d4 4+ charge state, i.e., 4 electrons in the 3d orbitals, as indicated by the blue arrows in Figure 

6b. After oxygen vacancy formation, the excess electrons generated due to oxygen vacancy 

formation (i.e. the red arrows in Figure 6b)  transfer to a1g level in the Oh-Fe atoms instead of a 

higher energy b1g of the nearest-neighbor, SP-coordinated Fe ions. Further, since there are eight 

second-nearest neighboring Oh-Fe present with the same a1g energy level around each oxygen 

vacancy site, the excess electrons are distributed between these eight Fe atoms to produce the 

“pancake” shaped polaron shown in Figures 5d and 5h with an estimated polaron diameter and 

height of ~7.8 and ~3.9 Å, respectively.  

 

c) Rhombohedral and Cubic La0.5Sr0.5FeO3-δ 

In both stoichiometric rhombohedral and stoichiometric cubic LSF55, the computationally 

predicted charge state on Fe is 3.5+. This indicates that, on average, formally there are four and a 

half electrons in the Fe d-orbitals. One could imagine, as a combination of LFO and SFO, the 

excess electrons due to oxygen vacancy formation could therefore be distributed to both the first 

and second nearest neighboring Fe atoms and this is indeed the case, as shown in Figures 5f and 

5g. 
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In cubic LSF55, after oxygen vacancy formation all the Oh-Fe connected to the SP-Fe via 

two 180˚ Fe-O-Fe bonds bend to 160o. The charge on first and second nearest neighboring Fe 

atoms were 3.35+, suggesting that the electrons left behind by neutral oxygen vacancy formation 

were distributed to the first (two SP-Fe) and second (eight Oh-Fe) nearest neighboring Fe atoms 

to the oxygen vacancy. Thus, as shown in Figures 5c and 5g, in cubic LSF55 the oxygen vacancy 

polaron exhibit a “pancake” shaped polaron with an average diameter and height of ~8.3 and ~4.0 

Å, respectively. 

In rhombohedral LSF55, the polaron size is smaller than that in cubic LSF55, due to a 

larger Fe-O polyhedra tilt angle in the rhombohedral structure. The oxygen vacancy formation 

calculations showed that oxygen vacancy formation in the Sr-O3 plane was energetically favorable, 

compared to oxygen vacancy formation in the La-O3 plane, by ~0.1 eV. After oxygen vacancy 

formation, the two SP Fe charge changed to 3.6+ from 3.5+. In contrast, the four Oh-Fe connected 

with the tilted Fe-O-Fe bond shown in Figure 5c gained electrons and became 3.3+ from 3.5+.  

This difference is related to the Fe-O-Fe bond angle. Note there are four Oh-Fe connecting the 

four O atoms at the square bottom of the SP-Fe polyhedra, via a Fe-O-Fe bridge. In rhombohedral 

LSF55, two of the Fe-O-Fe bond angles are ~170o (compared to 180˚ in the cubic structure) and 

the other two Fe-O-Fe bond angles are ~153o (i.e they are more bent). Since a more bent bond 

angle results in more Jahn-Teller distortions, the split eg energy level in the more tilted Oh will be 

at a lower energy state and the excess electrons generated by oxygen vacancy formation will 

preferably transfer to the more titled Oh-Fe atoms, as shown in Figures 5c and 5g. In rhombohedral 

LSF55, these excess electrons produced a quarter of a “pancake” like polaron shape (Figure 5f). 

The polaron size was approximately one-fourth of that in cubic LSF55, with an average polaron 

radius and height of 4.3 and 4.0 Å, respectively.  
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As shown in Figure 5, the size of the polaron is the smallest in LFO and it increases with 

increasing Sr doping LSF. The small and more localized polaron in LFO can screen the charge of 

the oxygen vacancy more effectively, thus the oxygen vacancies will remain non-interacting and 

will not impact each other’s polaronic strain field, until they are very close. However, the larger 

and more delocalized polarons can not screen the vacancy charge effectively, and thus the 

vacancies may start to interact, even at a large distance. Therefore, in the next section, the oxygen 

vacancy formation energy as a function of vacancy concentration was studied and correlated with 

the polaron size.  

 

3.3 The Influence of the Oxygen Vacancy Concentration on the Oxygen Vacancy 
Formation Energy  

 
In Figure 7, the DFT+U calculated oxygen vacancy formation energies for various LSF 

phases are plotted versus increasing oxygen non-stoichiometry per formula unit (i.e δ). The 

vacancy formation energies in LFO remained constant at 3.57 ± 0.04 eV and did not show any 

significant interaction even at high oxygen non-stoichiometry (i.e. at δ = 0.25). This is consistent 

with the small and localized vacancy LFO polaron that allows the oxygen vacancies to be very 

close without interacting (and hence treated as dilute).  

After exhibiting dilute behavior at low δ, the vacancy formation energy in cubic SFO 

increased with increasing δ. As shown in Figure 7, the vacancy formation energy remained 

constant at ~0.4 eV up to a δ = 0.05 when the oxygen vacancies were more than 11 Å apart. With 

a δ > 0.05 a weak interaction among vacancies was observed. This interaction can be explained by 

the fact that at an oxygen non-stoichiometry δ = 0.05 the average distance between the oxygen 

vacancies is ~ 8-11 Å, at which point the ~7.8 Å diameter cubic SFO polarons begin to 
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overlap/interact. At a δ> 0.1 strong interactions begin which produce a fast increase in the vacancy 

formation energy (since the vacancies are closer than 8 Å). Furthermore, the anisotropic pancake-

shaped polaron will likely lead to a preferred vacancy arrangement, thus contributing to the oxygen 

vacancy ordering induced phase changes from cubic  tetragonal  orthorhombic  

brownmillerite known to occur in SFO with increasing oxygen non-stoichiometry.17  

 Figure 7 also shows that rhombohedral LSF55, which as shown in Figure 5 has tilted Fe-

O polyhedra and a small polaron size compared to the untilted Fe-O polyhedra and large polaron 

sizes found in cubic LSF55, exhibits a lower oxygen vacancy formation energy and less oxygen 

vacancy interactions than cubic LSF55. The vacancy formation energy in rhombohedral LSF55 

remained constant at ~1.7 eV for δ ൑ 0.25 until the polarons began to overlap at an average 

distance between oxygen vacancies of ~7 Å, larger than the polaron size due to its irregular shape. 

In contrast, cubic LSF55 showed an increasing trend even for δ <0.1, due to its much larger polaron 

size.  Note, in cubic LSF55 it was not computationally possible to find a dilute limit for oxygen 

vacancy formation. This is because the atomic position relaxation of the cubic LSF55 supercell 

with very low oxygen non-stoichiometry (δ = 0.03) resulted in increased octahedral tilt around 

each oxygen vacancy site producing a locally rhombohedral LSF55 structure. According to the 

∆𝐸௩௔௖
௙  defined in Equation 4, this local phase transformation decreased the 𝐸ௗ௘௙௘௖௧௜௩௘

஽ி் , so the ∆𝐸௩௔௖
௙  

was reduced as well. This resulted in the calculated cubic LSF55 oxygen vacancy formation energy 

that was less than that found in rhombohedral LSF55 (1.4 eV vs. 1.7 eV) at very low oxygen non-

stoichiometry. The cubic to rhombohedral phase change near an oxygen vacancy is consistent with 

the low temperature (0K) stability of the rhombohedral phase, shown in Table II. This transition 

suggests that cubic LSF55 may only exist at higher δ. This is also consistent with the experimental 



 

23 
 

observation that the LSF55 rhombohedral to cubic phase transformation occurs with increasing 

temperature,31 when δ is high.  

 Overall, the oxygen vacancy formation energies in rhombohedral and cubic LSF55 

suggest that smaller polaron size leads to weaker interaction among oxygen vacancies. Further, the 

observed trends with La:Sr ratio indicate that progressively larger polaron sizes result in increasing 

oxygen vacancy formation energies with increasing Sr or δ. This behavior is consistent with 

experimental results showing that Sr-rich LSF and highly oxygen deficient compositions are more 

prone to oxygen-vacancy-ordering-induced phase transformations, while Sr-poor and oxygen rich 

LSF compositions are not.22  

In addition, the crystal-field-theory based polaron size estimation technique presented here 

can be applied to other perovskite structures. For example, LaMnO3 has a structure similar to 

LaFeO3, which shows almost no oxygen vacancy interactions. However, Mn3+ has the same 

number of d-electrons as Fe4+ (i.e. both have an electron configuration of [Ar] 3d4). Therefore, the 

excess electrons generated by oxygen vacancy formation should be distributed to the Oh-

coordinated Fe, and thus the long-range charge transfer observed in SrFeO3 should also occur in 

LaMnO3 and result in a large oxygen vacancy polaron size that leads to strong vacancy interactions 

that cause the increasing vacancy formation energy with �, as reported by Lee et al.20  

3.4 Comparison of the Oxygen Vacancy Site Fractions in LSF from 0 to 1000oC 

Figure 8 shows the oxygen vacancy site fraction as a function of temperature and partial 

pressure of oxygen (pO2 = 0.21 atm) for three different LSF compositions calculated using the non-

dilute oxygen vacancy site fraction calculation method of Equation 6. This method was developed 

and used in our earlier study19 to predict the � and X as a function of temperature in SFO in air, 
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and (considering phase changes in the material) the predicted trends compared well with the 

experimental TGA data.  

Figure 8a compares the calculated oxygen vacancy non-stoichiometry, δ, in rhombohedral 

and cubic LSF55 structures with experimentally measured data71 and shows reasonably good 

agreement at SOFC operating temperatures (600 ˚C ~1200 ˚C ) The experimental data in Figure 

8a also shows that for LSF55 the slope of the ��vs temperature relation decreases with increasing 

temperature. This is caused by rhombohedral to cubic phase transformation at high temperature31 

and the stronger oxygen vacancy interactions in cubic LSF55 than in rhombohedral LSF55 at low 

temperature. As discussed previously, rhombohedral LSF55 generally has a lower oxygen vacancy 

formation energy, and therefore Figure 8a shows a higher ��for rhomohedral LSF than for cubic 

LSF at similar temperatures. The rhomohedral to cubic LSF phase transformation temperature 

increases with higher La:Sr ratio, as shown in the experimentally overlaid phase diagrams of 

Figure 8c. For example, the phase transition temperature occurs at ~450oC for LSF55 but is 

increased to 800˚C for La0.6Sr0.4FeO3-δ (LSF64).  Hence, it is beneficial to adjust the La:Sr ratio so 

that a highly oxygen deficient rhombohedral LSF, instead of cubic LSF, is formed. This likely 

contributes to the high performance of La0.6Sr0.4FeO3-δ (LSF64) at traditional 800oC SOFC 

operation, as LSF64 retains the rhombohedral phase at 800oC according to the experimental phase 

diagram,  

Considering the various phase transitions occurring in LSF, the oxygen vacancy site 

fraction, X, was computed for the specific phase occurring at that temperature according to the 

experimental phase diagrams from Fossdal et al.,31 and Takeda et al.17 The computed X values for 

LFO, SFO, and LSF55 are plotted in Figure 8b. Figure 8b shows that, due to the oxygen vacancy 

formation energies shown in Figure 7 and those calculated for other phases, increasing La:Sr ratio 
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tends to result in a lower X at a given temperature. In LFO, there were almost no oxygen vacancy 

sites till 1000oC. In contrast, SFO is highly oxygen deficient SFO, but experiences a reduction in 

X with increasing temperature due to oxygen vacancy ordering once brownmillerite is formed. 

Figure 8b also shows that the X in orthorhombic SrFeO3-�, is larger than in LSF55 at ~600oC. 

Additional studies on the oxygen ion conductivity are underway to determine if this results in a 

higher ~600oC SFO ionic conductivity than LSF55.11,72  

 

4. CONCLUSIONS 

To elucidate the effect of oxygen vacancy polaron shape and size on the vacancy interaction 

in LSF, three different LSF compositions were computationally studied with GGA+U. The 

selection of a Hubbard-U (= 3) parameter was calibrated in order to predict the magnetic moment 

on Fe as a function of La/Sr ratio and oxygen non-stoichiometry. The magnetic moment on Fe was 

utilized to interpret the formal charge on Fe. The oxidation state change on Fe upon oxygen 

vacancy generation outlined the shape and size of the oxygen polarons. It was found that in LaFeO3 

the excess electrons produced during oxygen vacancy formation were localized at the Fe atoms 

adjacent to the oxygen vacancy, resulting in a small polaron. In contrast, in SrFeO3 the excess 

electrons produced during oxygen vacancy formation were transferred to the second-nearest-

neighbor Fe atoms, resulting in a pancake-shaped large polarons. This difference is well explained 

by the electron occupancy and crystal-field-splitting-induced differences between the Fe 3d-

orbitals of the square pyramidally coordinated, oxygen-vacancy-adjacent Fe atoms and the 

octahedrally-coordinated, oxygen-vacancy-second-nearest-neighbor Fe atoms. For La0.5Sr0.5FeO3-

δ, the polaron size in the rhombohedral phase was smaller than that in cubic phase, due to the tilt 

of Fe-O6 octahedra. In all cases, larger oxygen vacancy polarons resulted in higher oxygen vacancy 
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interactions. In fact, in multiple phases, the oxygen vacancy formation energy started to increase 

with oxygen non-stoichiometry beyond a critical value when the polarons began to overlap.  

Overall, the calculated polaron shape changes and progressively increased polaron sizes 

with increasing Sr or δ, resulted in increasing oxygen vacancy formation energies in La1-xSrxFeO3-

δ. This was consistent with experimental results showing that Sr-rich LSF and highly oxygen 

deficient compositions are more prone to oxygen-vacancy-ordering-induced phase 

transformations, while Sr-poor and oxygen rich LSF compositions are not. Since oxygen vacancy 

induced phase transformations cause a decrease in the mobile oxygen vacancy site fraction (X), 

both δ and X were also predicted as a function of temperature and oxygen partial pressure, for 

multiple LSF compositions and phases using a combined thermodynamics and DFT approach. 

Consistent with its superior electrochemical performance, rhombohedral LSF was found to have 

the smaller polaron size and a greater X than cubic LSF at identical temperatures.  

 In summary, this work has shown for the first time how transition metal d-orbital splitting 

affects the size of oxygen vacancy polarons, which in turn determines how oxygen deficient a 

material can become before it encounters an oxygen-vacancy-induced phase change. In addition 

to clarifying how today’s best MIEC materials behave, these new insights will likely be important 

for the bottom-up design of next-generation ionic conducting materials. 
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Table 1. Spin-polarized Bader charge analysis of different LSF phases. Magnetic moment calculated by VASP and expected formal 
charge on Fe are also provided for comparison. 

Phase 

    
Bader 
Analysis 

    Expected 
formal 
charge 

Average 
Fe-O 
bond 

length (Å) 

VASP 
magnetic 
moment 

(μB) 

Magnetic 
moment 

interpreted 
charge Element 

up 
e 

down 
e 

total 
e 

unpaired 
e 

Bader 
charge (q) 

LaFeO3 
(orthorhombic) 

La 4.46 4.46 8.92 0.00 2.08+ 3.0+  -- -- 
Fe 5.32 0.68 6.00 4.64 2.00+ 3.0+ 

2.046 
4.23 3.0+ 

O 3.74 3.62 7.36 0.12 1.36- 2.0- -- -- 

La0.5Sr0.5FeO3 
(rhombohedral) 

La 4.44 4.43 8.87 0.01 2.13+ 3.0+  -- -- 
Sr 4.21 4.21 8.42 0.00 1.58+ 2.0+  -- -- 
Fe 5.16 0.81 5.97 4.34 2.03+ 3.5+ 

1.978 
3.94 3.5+ 

O 3.68 3.63 7.31 0.05 1.30- 2.0- -- -- 

SrFeO3  
(cubic) 

Sr 4.20 4.19 8.39 0.01 1.60+ 2.0+  --  --  
Fe 4.92 1.04 5.96 3.88 2.04+ 4.0+ 

1.940 
3.61 4.0+ 

O 3.63 3.59 7.22 0.04 1.21- 2.0- -- -- 

SrFeO2 
(Planar) 

Sr 4.22 4.23 8.45 0.01 1.55+ 2.0+  -- -- 
Fe 5.24 1.39 6.63 3.86 1.37+ 2.0+ 

2.020 
3.68 2.0+ 

O 3.76 3.69 7.45 0.07 1.46- 2.0- -- -- 
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Table 2. DFT predictions of stable LSF structures under ground state conditions. 

Method GGA + U (=3) SrFeO3 LSF55 LaFeO3 
Input Crystal 

Structure 
Spin ΔE (eV) µB 

tilt 
angle 

ΔE 
(eV) 

µB 
 tilt 

angle 
ΔE 

(eV) 
µB 

 tilt 
angle 

Orthorhombic 
(PNMA) 

FM 0.00 3.61 177 0.00 3.94 161 0.26 4.23 152 
AFM 0.23 3.41 175 0.04 3.76 159 0.00 4.06 154 

Rhombohedral 
(R32) 

FM 0.00 3.61 180 0.00 3.94 164 0.34 4.24 155 
AFM 0.26 3.48 173 0.06 3.78 164 0.05 4.06 157 

Cubic  
(FM-3M) 

FM 0.00 3.61 180 0.09 3.94 180 0.88 4.14 180 
AFM 0.26 3.50 180 0.14 3.74 180 0.40 4.03 180 

Experimental (low 
temp)* Helical54 2.96 54 180 73 FM47

 3.92 47 166 67 AFM74 4.6±0.2 49 157 46 
 

The bold phase data under each column signify the stable structure with the preferred magnetic 
orientation. 

The tilt angle column denotes the average octahedral tilt among Fe-O octahedra in the lattices. 

* The last row contains experimental data for comparison.  
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Figure 1. (Color online) DFT calculated lattice structures for (a) orthorhombic LaFeO3, (b) 
rhombohedral La0.5Sr0.5FeO3, (c) cubic La0.5Sr0.5FeO3, and (d) cubic SrFeO3. Atom colors: La – 
green, Sr - blue, Fe – brown, O – red. The different Fe-O6 octahedra colors denote polyhedra with 
different Fe charge states: Fe3+ – light brown, Fe3.5+ – moss green, Fe4+ – dark brown.  
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Figure 2. (a) Magnetic moment variation with U for LaFeO3 and SrFeO3. (b) Lattice parameter 
variation with U for LaFeO3 and SrFeO3.  The computational finds (points) in both (a) and (b) are 
compared with experimental results (dashed horizontal lines). 
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Figure 3. (Color online) Black squares represent the formal charge on Fe resulting from different 
La/Sr ratios in LaxSr1–xFeO3 calculated from the magnetic moment on Fe with a GGA+U(=3) (left 
y-axis). Blue diamonds show experimentally measuredaverage Fe charge states  for varying La/Sr 
ratios (right y-axis). The black dotted line represents the predicted linear relationship between the 
Fe charge state and the La/Sr ratio. 
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Figure 4. GGA+U (=3) partial density of states calculations for (a-b) orthorhombic LaFeO3, (c-d) 
rhombohedral La0.5Sr0.5FeO3, and (e-f) cubic SrFeO3. The gray and black lines represent the Fe 3d 
and O 2p states respectively.  
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Figure 5. (Color online) Long-range charge transfer areas (denoted by the purple dashed lines in 
a-d) and perspective views of the LaxSr1–xFeO3 lattice polarons (e-h) for (a, e) orthorhombic 
LaFeO3, (b,f) rhombohedral La0.5Sr0.5FeO3, (c,g) cubic La0.5Sr0.5FeO3, and (d,h) cubic SrFeO3. 
Note, in (a-d) different Miller planes were used for each phase to compare lattice orientation with 
same visual conformity. In (e-h) the polaron shape was highlighting by only drawing sides to those 
Fe-O polyhedra with an Fe atom that received excess electrons due to oxygen vacancy formation. 
In (a-d), the black lines indicate the border of the supercells used for computations, while the 
arrows provide an estimate of the polaron size by denoting the distance the distance from the 
outermost charge-altered Fe atoms to the oxygen vacancy site. 
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Figure 6. Schematic of the d-orbital splitting in the Fe in different polyhedra showing that the 
excess electrons generated during oxygen vacancy formation (in red) will be localized to oxygen 
vacancy adjacent square pyramidal Fe in orthorhombic LaFeO3 (a), and transferred to second 
nearest neighboring octahedral Fe in cubic SrFeO3 (b). 
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Figure 7. GGA+U calculated oxygen vacancy formation energies for different LaxSr1–xFeO3 
compositions. The Fe-O polyhedra represent the charge on Fe in perfect lattice. The lines are 
guides to the eye. 
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Figure 8. (Color online) (a) The oxygen non-stoichiometry versus temperature in air,(b) the 
oxygen vacancy site fraction as a function of temperature in air, and (c) the oxygen vacancy site 
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fraction as a function of temperature and La/Sr ratio for various LaxSr1–xFeO3 phases. Note, the 
lines in (a-b) and are guides to the eye and the lines in (c) are the experimentally determined phase 
boundaries.17,31 The oxygen vacancy site fraction in (c) is denoted by the color overlay and the 
right-hand color scale. The X values in b) and c) are never zero. They are just smaller than can be 
resolved with the linear X scale chosen to highlight the X trends discussed here. 

 


