
PHYSICAL REVIEW MATERIALS 4, 075001 (2020)

Atomic structure and electronic properties of planar defects in SrFeO3-δ thin films
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Extended planar defects found in epitaxially grown SrFeO3-δ thin films are expected to exhibit distinct
conductivity properties. Here, we use a combination of scanning transmission electron microscopy techniques
and electron energy-loss spectroscopy (EELS) to uncover the peculiar structure of these planar defects and to
explore their electronic properties. We find that the defects are formed by Fe2O2+α layers consisting of FeO5

polyhedra alternating with SrO and FeO2 perovskite-type layers, analogous to the Sr4Fe6O12+δ crystal structure.
Our experimental and theoretical EELS data, combined with projected density of states calculations, reveal peak
width changes and energies shifts, which suggest an increased electron doping of the Fe 3deg band in the Fe2O2+α

layers as compared to the SrFeO3−δ film. Thus we show that the presence of Fe2O2+α planar defects indeed can
effectively modify the electron-hole conductivity in SrFeO3-δ films.

DOI: 10.1103/PhysRevMaterials.4.075001

I. INTRODUCTION

Transition metal oxides containing 3d metal ions in a
mixed valence state are the focus of extensive research be-
cause of their rich variety of electronic, magnetic and transport
phenomena. In ABX3 perovskites (where A and B are cations
and X is an anion), the most common approaches to changing
the oxidation state of the B site cation use aliovalent A-site
substitution [1,2] or the formation of anion vacancies [3–5].
The SrFeO3-δ perovskite system belongs to the latter category
exhibiting Fe ions in a mixed oxidation state ranging from 4+
(for the fully stoichiometric composition with three oxygen
atoms per formula unit) to 2+ [6–9]. Actually, SrFeO3-δ

describes a family of five vacancy-ordered structures with
the general formula SrnFenO3n−1, where n = ∞, 8, 4, 2, and
1. Each phase adopts a different oxygen-vacancy arrange-
ment in well-stablished perovskite-like structures. The n = ∞
end member, SrFeO3, adopts the cubic perovskite structure
containing FeO6 octahedra with Fe in 4+ oxidation state.
Upon reducing the oxygen content, the n = 8 (Sr8Fe8O23) and
4 (Sr4Fe4O11) members adopt tetragonal and orthorhombic
structures, respectively. The oxygen vacancies in these two
intermediate members form ordered arrangements accom-
modating iron in corner-shared oxygen FeO6 octahedra and
FeO5 square pyramids. As a result, charge ordering of the
Fe ions with different Fe4+ and Fe3+ oxidation states occurs.
The n = 2 (Sr2Fe2O5) member exhibits the brownmillerite-
type structure which consists of alternating layers of FeO6

octahedra and FeO4 tetrahedra containing exclusively Fe3+.
Finally, the n = 1 (SrFeO2) end member is an infinite-layer
compound with FeO4 squares and iron in Fe2+ state. Besides,
a mixture of two neighboring oxygen vacancy-ordered phases
may form for intermediate compositions with irrational n

*marta.rossell@empa.ch

values [10,11]. But what makes this system very attractive
is that it is often possible to tune from one electronic or
magnetic phase to another by varying temperature, oxygen
partial pressure and/or magnetic field [12–16]. Given the wide
variety of possible iron oxidation states and oxygen-vacancy
concentrations in the SrFeO3-δ perovskite system, there is
much interest in using these materials for many applications.
These range from sensors, catalysts for flameless combus-
tion, oxygen-conducting devices in solid oxide fuel cells
to oxygen-conducting membranes in pressure driven oxygen
generators or in partial oxidation reactors [17–20]. However,
synthesizing (or tuning) a certain oxygen-deficient SrFeO3-δ

phase is technically very challenging and frequently results in
a mixture of several phases with different oxygen deficiencies
affecting bulk measurement techniques such as magnetization
and resistivity [10].

Scanning transmission electron microscopy (STEM) pro-
vides the spatial resolution to investigate the structure of
materials at the atomic scale. Additionally, STEM permits
the simultaneous acquisition of numerous different image and
spectroscopic signals while scanning the electron probe across
the specimen. All these features make STEM particularly well
suited to deepen our understanding of the correlation between
the oxygen-vacancy ordering and the electronic properties in
SrFeO3-δ .

In this work, we use aberration-corrected STEM in com-
bination with energy dispersive x-ray (EDX) spectroscopy to
characterize a type of ordered arrangement of oxygen vacan-
cies forming extended planar defects in a non-stoichiometric
SrFeO3-δ thin film. Atomic-resolution elemental mapping by
EDX is successfully employed to uncover the peculiar struc-
ture of these planar defects and to distinguish the different
crystalline phases according to their chemical and structural
differences. The planar defects are probed employing electron
energy-loss spectroscopy (EELS) and a correlation with their
electronic properties is achieved with the aid of real-space
multiple-scattering simulations based on FEFF9 [21,22].
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II. METHODS

A. Experimental details

The SrFeO3-δ (SFO) thin film was deposited by pulsed laser
deposition from a dense ceramic pellet consisting of pure cu-
bic SrFeO3 phase [6] using a Nd:YAG pulsed laser with tripled
frequency (355 nm wavelength), 9 ns pulse length, 10 Hz
repetition rate, and 3 J/cm2 energy density per pulse. The
film was grown epitaxially on a SrTiO3(001) substrate at an
oxygen pressure of 1 × 10−2 mbar, and substrate temperature
of 750 °C, as reported previously [18]. A cross-sectional sam-
ple for transmission electron microscopy was cut parallel to a
cube plane of the SrTiO3 substrate and mechanically polished
using a tripod polisher to a thickness of about 20 μm, followed
by final ion-milling under grazing incidence until electron
transparency was obtained. Additionally, a cross-sectional
lamella of the previously described cross-sectional sample
was prepared in the orthogonal direction by means of a FEI
Helios Nanolab 600i focused ion beam (FIB) instrument at
accelerating voltages of 30 and 5 kV. The microstructure and
the local electronic structure of the SFO film were analyzed
by scanning transmission electron microscopy (STEM) using
an aberration-corrected JEOL ARM200F, operated at 200 kV
and equipped with a Gatan Enfinium EELS spectrometer. The
STEM experiments were carried out setting a probe semi-
convergence angle of 18 mrad and collecting semi-angles of
90–170 mrad for high-angle annular dark-field (HAADF) and
15–24 for annular bright-field (ABF) imaging. For the EELS
data acquisition, the convergence and collection semi-angles
were set to 25.3 and 33 mrad, respectively. A dispersion of
0.1 eV per channel was selected. All spectra were background
subtracted by fitting a decaying power-law function to an
energy window just in front of the core-loss edge onsets.
Energy dispersive x-ray (EDX) spectroscopy maps were ob-
tained using a FEI Titan Themis microscope operated at 300
kV and equipped with ChemiSTEM technology.

B. Computational details

The real-space multiple-scattering code FEFF 9.0 [22]
was used for the calculation of the energy-loss near-edge
structures (ELNES) of the O K edge as well as the projected
density of states (PDOS) at different positions of the extended
planar defects found in the SFO thin film. The EEL spectra
were computed taking into account the same convergence and
collecting semi-angles and crystallographic orientations as the
experiments. A broadening of 0.4 eV was used to account for
the instrumental energy resolution. The scattering potentials
were calculated self-consistently over a radius of 5.93 Å using
Hedin-Lundqvist (local density approximation) self-energies
[23]. For the full multiple-scattering (FMS) calculations, the
calculations converged for clusters as small as 154 atoms.
Hence, the spectra and density-of-state calculations presented
here were all modeled for 154–168 atoms in the FMS cluster.
Additionally, 11 to 12 self-consistent iterations were needed
to converge the total and projected density of states from
FEFF calculations and we followed the procedure described
in Ref. [21], which also includes an additional shift of about
2 eV in the Fermi energy to match the experimental evidence
of a band gap in the material.

III. RESULTS AND DISCUSSION

A. Structural characterization

Figure 1(a) shows a low magnification HAADF-STEM mi-
crograph of the SFO film epitaxially grown on a SrTiO3(001)
substrate. The deposited film is not uniform but presents
protuberances; thus, the film thickness varies between 170
and 230 nm. The out-of-plane c and in-plane a parameters
were obtained from geometric phase analysis as shown in
Fig. S1 of Ref. [24]. The lattice parameters obtained from

FIG. 1. (a) Low-magnification HAADF-STEM image of the
SFO thin film along the [010] zone axis showing the presence of
planar defects parallel and perpendicular to the growth direction.
(b) Enlarged view of the square indicated in panel (a). The planar
defects exhibit a darker contrast.
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FIG. 2. HAADF-STEM survey image of four consecutive planar
defects and corresponding atomic-resolution EDX elemental maps.

the strain maps using a reference lattice set in the SrTiO3

substrate are 0.3878 and 0.3904 nm for the out-of-plane and
in-plane parameters, respectively. Thus the measured c-axis
lattice parameter is slightly larger than the value 0.3851 nm
reported for cubic SrFeO3 bulk samples [6], suggesting the
presence of oxygen vacancies in our SFO film. Nevertheless,
the exact amount of oxygen vacancies could not be estimated
from the lattice parameters of the film as deviations from the
Sr:Fe ratio were as well detected; see details further below.

An atomically resolved image of the area marked with a
square in Fig. 1(a) is displayed in Fig. 1(b). In both images
of Fig. 1, a high density of vertical (100) and horizontal (001)
planar defects are clearly observable with darker contrast (see
also Fig. S2 of Ref. [24]). These defects running parallel and
perpendicular to the substrate surface often intersect orthogo-
nally resulting in a labyrinth network of planar defects. Since
the contrast of the atomic columns in HAADF-STEM images
is approximately proportional to the mean square atomic
number (Zn with n ≈ 1.6–1.8) of the constituent atoms, the
darker planar defects are most likely to be composed of Fe.

The presence of Fe (and absence of Sr) in the planar
defects was confirmed by atomic-resolution EDX mapping.
Figure 2 shows a HAADF-STEM survey image of four
consecutive planar defects used for EDX analysis, and the
corresponding elemental atomic-resolution maps of the Sr-K
and Fe-K signals extracted from the spectrum image. It is
clearly visible from Fig. 2 that the planar defects consist
of Fe atomic columns (red) arranged in a zigzag pattern
delimited by Sr atomic columns (green). Thus these planar
defects are not caused by the insertion of additional SrO
rock salt-type layers in the SrFeO3 structure resulting in a
Ruddlesden-Popper phase as previously suggested [18]. They
are also not brownmillerite structures forming in epitaxial
SrFeO3-δ films as the result of time- and strain-dependent
structural degradation as recently observed by Wang et al.
[25]. Instead, the planar defects investigated in this work
have remained stable over more than 10 years and consist
of Fe2O2+α layers, as explained below. Similar intergrowths
were previously observed in La-doped SrFeO3-δ [26].

FIG. 3. (a) HAADF-STEM image of three consecutive planar
defects obtained as an average of a time series consisting of 10
frames, and extracted fit of the experimental intensities for the Fe
atomic columns plotted at their fitted coordinates. (b) Corresponding
averaged ABF-STEM image and extracted fit of the experimental
intensities for the O atomic columns plotted at their fitted coordi-
nates. The position of the planar defects is indicated by blue arrows
and dashed rectangles. Both Fe and O atomic column intensities are
lower at the planar defects. The horizontal field of view is 2.3 nm.

The global chemical composition of the SFO film was
also measured by EDX revealing a slight Sr deficiency, such
that Sr:Fe ≈ 0.96:1.00 (see Fig. S3 of Ref. [24]). This slight
deviation from stoichiometry might be responsible for the
formation of this type of planar defects in SFO.

Simultaneously acquired HAADF- and ABF-STEM im-
ages allow visualizing the position of the lighter oxygen atoms
next to the heavy Sr and Fe atomic columns (see Fig. 3).
In order to improve the signal-to-noise ratio, the HAADF
and ABF images of Fig. 3 were obtained as an average
of a time series consisting of 10 frames, after both rigid
and non-rigid registration using the Smart Align Software
[27]. Due to its strong sensitivity to the atomic number, the
HAADF averaged image of Fig. 3(a) was employed to map
the experimental intensities of the Fe atomic columns plotted
at their fitted coordinates. On the contrary, the ABF signal
intensity scales approximately with Z1/3, thus enabling the
observation of the light atomic columns [28]. Making use of
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ABF, we investigated the experimental intensities of the O
atomic columns [Fig. 3(b)]. The fitting of the peaks in the
HAADF/ABF images corresponding to the atomic columns
was computed by means of seven parameters Gaussians [29].
They reveal that both Fe and O atomic columns located at the
planar defects (blue dashed rectangles in Fig. 3) are arranged
in a zigzag fashion and exhibit lower intensities than the rest
of the structure. A plausible explanation for the observed
lower intensities is that the Fe and O atoms in the planar
defects are not aligned in single columns but slightly displaced
in the plane perpendicular to the beam direction resulting
in a different electron channeling condition that effectively
reduces the image intensity of these Fe/O atomic columns.
This would indeed explain that the Fe atomic columns appear
elongated along the direction of the planar defects. However,
we cannot rule out that the observed lower intensities are
(partially) caused by the presence of Fe/O vacancies in the
planar defects.

The same zigzag pattern of Fe/O atomic columns is also
ascertained in the orthogonal direction, as observed in the
cross-sectional FIB lamella extracted from the cross-sectional
mechanically polished sample (see Fig. S4 of Ref. [24]). Thus
the perovskite layers at both sides of the planar defects are
shifted over ap/2 (where ap is the simple perovskite unit
cell) along each orthogonal direction parallel to the planar
defects. This suggests that the planar defects are indeed
composed of two FeO layers together forming Fe2O2 dou-
ble layers alternating with SrO and FeO2 perovskite-type
layers. This structure recalls the oxygen-deficient perovskite
compound with the general formula Sr4Fe6O12+δ [30–33]. A
polyhedral model of the Sr4Fe6O12+δ (δ = 0.74) crystal struc-
ture [33] (Pn2n space group, a = 38.864 Å, b = 18.938 Å,
c = 5.557 Å) viewed along the [001] direction is shown in
Fig. 4(a). In the Sr4Fe6O12+δ solid solution, the FeO6 poly-
hedra within the perovskite-type layers consist of corner-
sharing octahedral units [shown in gray in Fig. 4(a)], while
the Fe2O2+α double layers, with α = δ/2, consist of FeO5

polyhedra arranged in bands of double edge-sharing trigonal
bipyramids (in dark blue) and bands of edge-sharing tetrag-
onal pyramids (in light blue) with variable thickness. These
two types of bands are connected to each other by sharing
corners. By varying the thickness of the bands consisting of
tetragonal pyramids (i.e., by changing the ratio between edge-
and corner-sharing FeO5 polyhedra), different oxygen con-
centrations can be accommodated in the Fe2O2+α layers along
the a direction resulting in the formation of incommensurately
modulated structures. The Sr4Fe6O12+δ crystal structure is
isostructural with the large Sr2B3O6.5−δ (B = Fe, Co, Ga)
solid solution [34,35] as well as the Ba4In6−xMgxO13−x/2

solid solution [36]. Therefore planar defects based on these
structures are likely to form also in other perovskite-type
oxides with the general formula ABO3 with A = Sr, Ba and
B = Fe, Co, Ga, In, Mg.

A model of the Sr4Fe6O12+δ (δ = 0.74) crystal structure
viewed along the [107] (pseudocubic) direction is superim-
posed on the experimental images of Figs. 4(b) and 4(c).
Additionally, calculated ADF- and ABF-STEM images for a
12-nm-thick crystal are displayed on the right side and show
an excellent match with the experimental images, confirming
the proposed phase model. Note here that the Fe and O atoms

FIG. 4. (a) Sr4Fe6O12+δ (δ = 0.74) crystal structure viewed
along the [001] direction. The Sr atoms are shown as green spheres
and the Fe atoms are located in the shaded polyhedra. Fe2O2+α dou-
ble layers of FeO5 polyhedra (in blue) alternate along the b-direction
with perovskite-type layers of FeO6 octahedra (in gray). (b) Exper-
imental HAADF-STEM image with overlaid calculated image for
a 12-nm-thick crystal (right). (c) Experimental ABF-STEM image
with overlaid calculated image for a 12-nm-thick crystal (right).
The structural models superimposed on the experimental images are
viewed along [107]. The Sr, Fe, and O atoms are shown in green, red,
and blue, respectively. Blue arrows indicate the position of the planar
defects (Fe2O2+α double layers).

in the planar defects are not aligned in single columns but
slightly displaced along the horizontal direction explaining the
reduced image intensity and elongation of the Fe/O positions
within the Fe2O2+α double layers. In this structure, it is
likely that the differently coordinated iron ions have distinct
oxidation states.

B. EEL spectroscopy studies

EELS is used to investigate the oxidation state of the iron
ions in the non-stoichiometric SrFeO3-δ thin film by probing
the Fe L2,3 and the O K edges. The EELS fine structure
(namely the energy-loss near-edge structure ELNES) of a
core-loss edge has been proven useful to provide information
about the oxidation state and the local coordination of the
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FIG. 5. EELS data of two planar defects acquired at atomic spatial resolution. (a) Fe L2,3 edge summed over three octahedral layers (kaki)
and two planar defects (blue). (b) Survey image indicating with rectangles the areas used for Fe4+ (kaki) and reduced Fe (blue) summation. The
horizontal field of view is 0.7 nm. (c) O K edge summed over three octahedral layers (kaki) and two planar defects (blue). (d) Atomic-resolution
map of the Fe L2,3 edge, and corresponding Fe4+ and reduced Fe maps generated by fitting the averaged components to the atomic resolution
data. (e) Atomic-resolution map of the O K edge, and corresponding EELS maps generated by fitting the average components to the atomic
resolution data. The intensity profiles of all components are extracted over the full image widths.

atom undergoing excitation. Thus, using a combination of
HAADF-STEM and EELS in an aberration-corrected micro-
scope, 2D atomic mapping of cation valence states in mixed
valence compounds was demonstrated [37,38]. Likewise, site-
specific mapping of the oxygen coordination number for
transition metals in mixed coordination/single-valency com-
pounds was also reported [39,40]. The analysis becomes more
complicated when the change in bonding coincides with a
change in oxidation state affecting also the EELS fine struc-
ture, as in the case of the mixed-valence oxygen deficient
SrFeO3-δ system [6,7,41–44]. However, in general, changes
in the fine structure of the L2,3 edge of the transition metals
due to bonding or coordination are more subtle than changes
related to the oxidation state.

An atomically resolved EELS spectrum image acquired
across two planar defects is shown in Fig. 5. Figure 5(b)
is the overview HAADF-STEM image of the analyzed area
showing the presence of two planar defects (blue rectangles)
surrounded by perovskite-type blocks. Figures 5(a) and 5(c)
are the Fe L2,3 and O K edges, respectively, after background
subtraction and averaged over the areas marked with blue
and kaki rectangles in the survey image of Fig. 5(b). Thus
the kaki (filled) spectra are summed over the three bottom
perovskite-type layers and the blue (empty) spectra are av-
eraged over the two planar defects. Clear differences in the Fe

L2,3 and O K fine structures can be identified by simple visual
inspection.

The Fe L2,3 edge corresponds to excitations of the Fe 2p
electrons into empty Fe 3d states. The spectra in Fig. 5(a)
are characterized by the occurrence of two main features,
known as white lines. They are separated by 13.1 eV due
to spin-orbit splitting of the Fe 2p core hole into 2p3/2 and
2p1/2 states, labeled as L3 and L2, respectively. To facilitate
the visual comparison of the data, both spectra were normal-
ized to the L3 edge. Significantly different L3/L2 white-line
intensity ratios and L3 line widths are observed for each phase
suggesting that the oxidation state of Fe is not equivalent. The
broader L3 peak without shoulder structures corresponding to
the perovskite-type blocks is very similar to that of SrFeO3

previously measured by x-ray absorption spectroscopy [1] and
EELS [45]. This broad peak reflects the strong hybridization
in SrFeO3 and is quite similar to the one observed in BaFeO3

[46] suggesting that the valence of Fe is equal (or close) to
4+. On the other hand, the narrower L3 line measured at
the planar defects indicates a decrease of the nominal oxida-
tion state of iron to Fe3+ and Fe2+ (see explanation further
below).

Complementary information is obtained from the O K
edge, resulting from excitations of O 1s electrons into avail-
able O 2p empty states. Figure 5(c) shows the O K near-edge
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structure of both the Fe2O2+α double layers and the SFO
perovskite-type phase unveiling three major peaks, a, b, and
c, caused by hybridizations of unoccupied O 2p orbitals with
Fe 3d , Sr 4d , and Fe 4sp orbitals, respectively [1,47]. For
clarity, the spectra were normalized to the intensity maxima
of the main peak b. According to earlier reports, since the O
Ka pre-peak has a very strong contribution from the Fe 3deg

band occupancy, it can be used to extract information on the
Fe oxidation state [2,48]. Thus the energy difference between
the oxygen O Kb main peak and the O Ka pre-peak can be
used to estimate the local oxidation state in the two phases.
This energy difference is about 5.9 eV for the planar defects
and 6.3 eV for the perovskite-type blocks. The smaller energy
difference exhibited by the planar defect (blue) spectrum
suggests an increased electron doping of the Fe 3deg band,
that is to the transition Fe4+ → Fe3+/Fe2+, in good agree-
ment with the Fe L2,3 edge observations and with previous
reports [1,47].

The above described ELNES of both the Fe L2,3 and O
K edges are in excellent agreement with the ones previously
reported for Sr4Fe6O12.74 [33]. Next, we used the differences
in the fine structure of the Fe L2,3 edge to map the Fe
oxidation state in the film using the averaged EELS signals
from Fig. 5(a) as internal references. The internal reference
data for Fe in the two distinct oxidation states are fitted to
the entire acquired EELS data cube in a linear combination
by applying the multiple linear least-squares (MLLS) fitting
routine of Digital MicrographTM [49]. This allows generating
2D component maps of the spectral weights. The results of
the fit are displayed in Fig. 5(d). For clarity, intensity profiles
of the two components (namely oxidized Fe4+ and reduced
Fe) are extracted over the full image widths. It is clear that
iron is in a reduced state at the planar defects, and in higher
oxidation state (i.e., close to Fe4+) at the SFO perovskite-type
layers located at the bottom of the spectrum image. However,
the perovskite-type layer (marked with an asterisk) placed
between the two Fe2O2+α double layers exhibits an oxidation
state, which falls in between the Fe2O2+α double layers and
the SFO phase at the bottom. Considering that the average
oxidation state of the Sr4Fe6O12.74 crystal structure is Fe2.9+,
it is safe to assume that charge ordering of the Fe ions occurs
in the alternating layers, such that the FeO6 octahedra in
the perovskite-type layers contain exclusively Fe3+, while the
FeO5 polyhedra in the double layers contain iron in Fe3+ and
Fe2+ oxidation states. Hence, the differently coordinated iron
ions have distinct oxidation states.

Likewise, the summed O K ELNES signatures from
Fig. 5(c) were used to generate 2D component maps of
the spectral weights. The results of the fit are displayed in
Fig. 5(e) and show a trend comparable to the one discussed
for the Fe L2,3 edge.

C. Interpretation of the EEL spectra

We have compared our experimental spectra with theoret-
ical ELNES to interpret the spectral features appearing in the
oxygen K edge spectra obtained at the Fe2O2+α double and
the FeO2 perovskite-type layers. For this purpose, we used the
model based on the Sr4Fe6O12+α (δ = 0.74) crystal structure
[33] [see Fig. 4(a)]. For full details on the multiple-scattering

FIG. 6. Oxygen K energy-loss near-edge structures and projected
density of states (PDOS) calculated for the (blue) Fe2O2+α double
and (kaki) FeO2 perovskite-type layers. Contributions from the dif-
ferent atomic orbitals for the O, Fe, and Sr atomic species are given
in separate panels.

calculations of the O K ELNES and the PDOS, we refer the
reader to Sec. II B. Computational details.

The calculated O K edge spectra of both Fe2O2+α and FeO2

layers are shown in Fig. 6. They reflect the integral of several
nonequivalent oxygen environments in each layer. Similarly to
our experimental data, the calculated spectra show three major
peaks, a, b, and c. Here again, for clarity, the spectra were nor-
malized to the intensity maxima of the b peak. It can be seen
that the calculations succeed to predict correctly the relative
position and intensity of all peaks, except for the a peak in-
tensity of the Fe2O2+α layer spectrum. This discrepancy with
the experiments is attributed to the theoretical calculations
not including multiplet effects, which are important when
calculating excitations involving 3d electrons. Nevertheless,
in overall, the calculations correctly predict the differences in
the electronic structure observed experimentally.
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Shown in Fig. 6 is as well the projected density of states
(PDOS) of the O 2p, Fe 3d , Sr 4d , Fe 4s, and Fe 4p states
in the Fe2O2+α (blue) and FeO2 (kaki) layers. Similar to
previous studies [1,47], we found that the a peak mostly stems
from transitions to hybridized O 2p-Fe 3d orbitals (although
some Fe 4sp states are located in this range, too), while the
post-edge region of the spectra is caused by hybridizations
of unoccupied O 2p orbitals with Sr 4d (peak b) and Fe 4sp
(peak c) orbitals. However, when comparing the PDOS of the
Fe2O2+α and FeO2 layers, it is evident that the O 2p and Fe
3d peaks at ∼2 eV markedly vary in the two layers. The O 2p
and Fe 3d peaks are shifted to higher energies for the Fe2O2+α

layer. In addition, a splitting of the O 2p peak in this layer is
evident, revealing the diverse site coordination of the Fe atoms
in the Fe2O2+α double layer (namely trigonal bipyramids
and tetragonal pyramids), which is determined by the nearest
oxygen neighbors. This results in a broadening and a shift of
the O Ka EELS peak of the Fe2O2+α layer to higher energies,
suggesting a reduced oxidation state and an increased electron
doping of the Fe 3deg band in the double layers as compared
to the SrFeO3-δ film. This is in good agreement with pre-
viously reported electron-hole conductivity measurements in
epitaxial Sr4Fe6O12+δ films, which showed that the conductiv-
ity of the films is considerably affected by the oxygen content
in the oxygen deficient Fe2O2+α double layers [50–53].

IV. CONCLUSIONS

In conclusion, aberration-corrected STEM has been used to
assess the atomic structure of extended planar defects present

in epitaxially grown SrFeO3-δ thin films. HAADF-, ABF-
STEM, and elemental EDX mapping have been employed
to identify the chemical nature of the planar defects. They
consist of Fe2O2+α double layers of FeO5 polyhedra alternat-
ing with SrO and FeO2 perovskite-type layers in an ordered
arrangement that resembles the Sr4Fe6O12+δ crystal structure.
The Sr4Fe6O12+δ intergrowths intersect orthogonally resulting
in an extraordinary labyrinth network of planar defects in the
SrFeO3-δ thin films. Their effect on the electronic properties
has been investigated by EELS and interpreted with the aid of
simulations based on the real-space multiple-scattering code
FEFF9. Our experimental and theoretical data reveal peak-
width changes and energies shifts, which suggest an increased
electron doping of the Fe 3deg band in the Fe2O2+α layers as
compared to the SrFeO3-δ film. These results clarify the exact
atomic structure of the planar defects in SrFeO3-δ and suggest
that their presence might substantially alter the electron-hole
conductivity in the SrFeO3-δ films.
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