
Structure and Microstructure of Epitaxial Sr4Fe6O13(δ
Films on SrTiO3

Marta D. Rossell,† Artem M. Abakumov,†,‡ Gustaaf Van Tendeloo,*,†
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The crystal structure and the microstructure of epitaxial Sr4Fe6O13(δ thin films grown on
a single-crystal SrTiO3 substrate by PLD have been investigated. A combination of electron
diffraction and high-resolution microscopy allows us to refine the structure and to identify
an incommensurate modulation in the Sr4Fe6O13(δ films. The incommensurate structure (q
) Ram* ≈ 0.39am*, superspace group Xmmm(R00)0s0) can be interpreted as an oxygen-
deficient modification in the Fe2O2.5 double layers. Moreover, it is shown that the
experimentally determined R component of the modulation can be used consistently to
estimate the local oxygen content in the Sr4Fe6O13(δ films. The compound composition can
therefore be described as Sr4Fe6O12+2R and the value R ) 0.39 corresponds to a Sr4Fe6O12.78
composition. The misfit stress along the Sr4Fe6O13(δ/SrTiO3 interface is accommodated via
both elastic deformation and inelastic mechanisms (misfit dislocations and 90° rotation twins).
The present results also suggest the existence of SrFeO3 perovskite in the Sr4Fe6O13(δ films.

1. Introduction

Mixed conducting oxides with high oxygen and elec-
tronic conductivity have attracted special attention
because they hold great promise for industrial use as
oxygen separation membranes for selective oxidation of
hydrocarbons and electrodes in solid oxide fuel cells.
These processes require intermediate and high operat-
ing temperatures and substantially different oxygen
partial pressures. Therefore, stability of the ceramic
membranes is an important issue. However, perovskite
oxides containing transition metals with variable oxida-
tion states can change the stoichiometry and conse-
quently induce structural transformations and insta-
bilities at elevated temperatures.1-3

Perovskite-related oxides based on the late 3d transi-
tion metals are extensively studied as membrane
materials. In this group, the layered perovskite-like
phases based on Sr4Fe6O13(δ are receiving significant
attention.4-13

Several groups have reported data on materials with
nominal composition Sr4Fe6-xCoxO13(δ.7-11 Cobalt-
substituted Sr4Fe6O13(δ presents high values of oxygen
and electronic conductivity with appreciable oxygen
permeability at elevated temperatures.7-10 Neverthe-
less, stability of the Sr4Fe6-xCoxO13(δ phase has been
questioned. It was found that the cobalt solubility in
Sr4Fe6-xCoxO13(δ is very limited and with increasing
sintering temperature and increasing Co content it is
no longer a single phase, but presents variable amounts
of SrFe1-xCoxO3-δ perovskite together with an Fe-Co-
oxide phase (usually spinel).8-11

Although a lot of research has been dedicated to bulk
Sr4Fe6O13(δ, little attention has been focused on Sr4-
Fe6O13(δ thin films. Recently, high-quality Sr4Fe6O13(δ
epitaxial thin films on SrTiO3 were obtained by pulsed
laser deposition (PLD).12

It is a well-known fact that in a stressed thin film
the local structure, and even the symmetry, may differ
from that in the bulk. Strain due to lattice mismatch
may induce lattice distortions and atom displacements.
This is important because crystal orientation, defects,
and interface structure will considerably determine the
properties of the film. Therefore, a detailed character-
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ization of Sr4Fe6O13(δ thin films becomes essential to
understanding, and thereafter manipulating, the con-
ductive properties of epitaxial Sr4Fe6O13(δ thin films.

In the present paper, we consider epitaxial Sr4-
Fe6O13(δ thin films deposited on a (001) oriented SrTiO3
substrate. High-resolution transmission electron mi-
croscopy (HRTEM) and electron diffraction (ED) enable
us to determine the structure and the microstructure
of the films.

2. Experimental Section

Epitaxial Sr4Fe6O13(δ (SFO) thin films were grown on
polished (001) oriented SrTiO3 (STO) substrates by PLD using
a Nd:YAG laser with tripled frequency (355 nm wavelength),
9 ns pulse length, 10 Hz repetition rate, and 2-3 J/cm2 energy
density per pulse. The targets for the ablation experiment were
prepared by solid-state reaction from a stoichiometric mixture
of SrCO3 and Fe2O3. The resultant powder was milled, uniaxi-
ally pressed into pellets, and finally sintered in air at 1150
°C. X-ray diffraction measurements confirmed that the target
was the single phase Sr4Fe6O13(δ, as determined by Yoshiasa
et al.13 During deposition, the substrate temperature was kept
at 750 °C and the oxygen pressure in the chamber was settled
at 3 × 10-2 mbar. After the samples were deposited, they were
cooled at 10 °C/min under the same atmosphere. Details of
the X-ray diffraction studies and scanning electron microscopy
are found in Pardo et al.12

Samples for TEM were prepared in cross-section and in
plan-view. Cross-section samples were cut parallel to the (100)
and (110) planes of the STO substrate and mechanically
ground to a thickness of about 20 µm, followed by final ion-
milling under grazing incidence until electron transparency.
Plan-view specimens were prepared parallel to the (001) plane
of the substrate by thinning from the substrate side. Electron
diffraction (ED) and high-resolution electron microscopy
(HREM) studies were performed using a JEOL 4000EX
microscope. Energy-dispersive X-ray (EDX) analysis was car-
ried out with a Philips CM20 microscope equipped with a
LINK-2000 attachment. For the EDX analysis, results were
based on the Fe (K) and Sr (K) lines in the spectra. Image
simulations were made using the MacTempas software. The
NIH Image 1.60 software was used for image processing.

3. Structural Considerations

The crystal structure of Sr4Fe6O13(δ (SFO), prepared
for the first time by Kanamaru et al.,14 is orthorhombic
and can be described using the acentric Iba2 space
group; the absence of a mirror plane perpendicular to
the c axis is the result of slight shifts of the Fe atoms
located in the z ) 0 plane.13 The lattice parameters
are a ) 1.1103(4) nm, b ) 1.8924(4) nm, and c ) 0.5572-
(2) nm. The structure is built up of SrO and FeO2
perovskite-type layers alternating along the b-direction
with Fe2O2.5 layers of five-coordinated iron polyhedra
(Figure 1). Three nonequivalent sites of iron atoms were
found, one octahedral and two five-coordinated posi-
tions: trigonal bipyramidal and square pyramidal.13

Oxide-ion conduction was assumed to be strictly two-
dimensional, confined to the layers formed by the
pyramids and bipyramids. On the other hand, the
perovskite-like layers supply the primary conducting
paths for the electron charge carriers.7,9 The Sr4Fe6O13(δ
unit cell (a, b, c) is closely related to perovskite with a
lattice-relation given by a ≈ 2x2‚ap, b ≈ 5‚ap, c ≈
x2‚ap, where ap is the basic perovskite cell.

The room-temperature structure of the SrTiO3 (STO)
substrate is well established; it is a cubic perovskite
with space group Pm3hm and lattice parameter aSTO )
0.3905 nm.15

The misfit along the interface is defined as δ ) 2‚|a1
- a2|/(a1 + a2) (where a1 and a2 are lattice parameters).
In our particular case, δSTO/SFO(a) ) 0.52% and δSTO/SFO(c)
) 0.89%. The lattice mismatch between substrate and
deposited film is small, but causes the epitaxial film to
be strained: the set of pseudocubic planes of the film
material is under a small compressive stress. The out-
of-plane b parameter should therefore elongate to
compensate for the cell volume changes.

4. Results

4.1. Reciprocal Space. ED patterns of the SFO/STO
sample along [102]*SFO, [001]*SFO, and [010]*SFO are
shown in Figure 2a, b, and c, respectively. The EDs are
a superposition of the patterns from substrate and film.
The more intense reflections are due to the substrate,
whereas the weaker ones are due to the film.

The [102]* pattern shows an intensity and spot
distribution typical for the bulk SFO compound. How-
ever, small variations in cell parameter are observed
in the strained SFO film. Compared with bulk material,
the SFO films show an elongated b parameter ≈ 1.9 nm,
which is in good agreement with the X-ray diffraction
study of Pardo et al.12 The more intense STO reflections
form a square pattern. The following epitaxial relation
is found: [001]STO || [010]SFO, (010)STO || (201)SFO. SFO
films grow with the b-axis perpendicular to the inter-
face, with a- and c-axes being oriented along the 〈110〉
STO directions.

The [001]*SFO and [010]*SFO patterns in Figure 2b and
2c show clear differences with bulk SFO. The reflections
of these patterns can be divided into two sets. The
brighter spots can be indexed on an orthorhombic lattice
with cell parameters am ) 1/2a, bm ) b, and cm ) c, where
a, b, and c are the lattice parameters of Sr4Fe6O13(δ.
Besides these main reflections, weaker satellite reflec-
tions present on both patterns suggest the formation

(14) Kanamaru, F.; Shimada, M.; Koizumi, M. J. Phys. Chem. Solids
1972, 33, 1169.

(15) Brous, J.; Fankuchen, I.; Banks, E. Acta Crystallogr. 1953, 6,
67.

Figure 1. Schematic representation of the Sr4Fe6O13(δ crystal
structure along the c-direction, showing the perovskite-type
layers and the double Fe2O2.5 layers. The different shades are
intended to emphasize that the perovskite slabs are geo-
metrically shifted by (1/4)a or (1/2)c with respect to each other.
The circles indicate the Sr positions.
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of a modulated structure. The [102]*SFO, [001]*SFO, and
[010]*SFO patterns can be completely indexed assuming
a modulated structure with modulation vector q ) Ram*
≈ 0.39am*. The indexation scheme for the [001]*SFO and
[010]*SFO pattern is shown in Figure 3c and d. It is
important to realize that the reciprocal lattice of bulk
Sr4Fe6O13(δ can be interpreted as a commensurate
modulated structure with q ) Ram* ) 1/2am*, as shown
in Figure 3a and b. The SFO thin film structure can
therefore be described as a superstructure with an R
component of the modulation vector, different from that
of the bulk material. The proposed choice of the main
lattice and the q vector assumes the presence of reflec-
tion conditions which can be derived from the diffraction
patterns as HKLm: H + K + m ) 2n, H + L ) 2n, K +
L + m ) 2n; H0Lm: m ) 2n. The (3+1)D superspace
group Xmmm(R00)0s0 corresponds to these conditions,
where X stands for the conventional basis with the
centering vectors (0,1/2,1/2,1/2), (1/2,0,1/2,0), (1/2,1/2,0,1/2). On

a primitive basis this corresponds to the superspace
group Fmmm(R10)0s0.

The presence in the ED patterns of diffuse streaks
along the b* axis (Figure 2) is related to the presence
of planar (010) defects. This will be clear when consider-
ing the real space imaging.

4.2. Real Space. 4.2.1. Cross-Section Imaging. Cross-
section TEM shows that the SFO film is uniform with
an average thickness of 60 nm. The image reveals a
sharp and well-defined interface.

A [001] HREM image and the corresponding Fourier
transform (FT) are shown in Figure 4. The visible repeat
period along the b-axis corresponds to the SFO alternat-
ing sequence of layers. A comparison of the observed
and simulated images, based on the bulk SFO structure,
shows some clear differences, but under the imaging
conditions of Figure 4, dark dots represent columns of
heavy atoms. The SrO layers (indicated by arrows) are
imaged as dark dots with a waving intensity. The FT
pattern of the HREM image (inset Figure 4) exhibits a
spot distribution similar to that of the corresponding
ED pattern in Figure 2b.

Figure 2. ED patterns of the SFO/STO specimen along (a)
[102]*SFO, (b) [001]*SFO, and (c) [010]*SFO. The EDs are a
superposition of the patterns from substrate and film.

Figure 3. Indexation scheme of the [001] and [010] ED
patterns for the Sr4Fe6O13(δ (a) and (b), and the SFO film (c)
and (d). Main reflections, and first-order and second-order
satellites are marked as circles, and black and gray squares,
respectively.

Figure 4. Cross-section HREM image of the SFO film along
the c-direction, showing the incommensurate modulation. The
SrO layers, imaged as dark dots with a waving intensity, are
indicated by arrows. The corresponding FT pattern is shown
as an inset.
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At the film-substrate interface a buffer layer is
formed. It has a perovskite structure and exhibits a
variable thickness ranging from 2 to 10 perovskite
unit cells. The image contrast is similar to that of the
STO substrate, but with a clear difference in intensity
(Figure 5). Considering the STO substrate has a per-
ovskite structure and Sr4Fe6O13(δ is perovskite-related,
it is safe to conceive that the perovskite stacking will
remain continuous across the interface. A nanosize slab
of SrFeO3 perovskite-type buffer layer is therefore
formed between the substrate and the film. The appear-
ance of this layer with variable thickness is also at the
origin of the antiphase boundaries (APB) frequently
observed in the film (Figure 5, right part).

APBs usually start at the interface and grow under
an angle of 45 degrees with respect to the interface.
Occasionally, however, the APBs start and/or end at
stacking faults. These stacking faults insert an extra
FeO2 plane in the structure and cause the Fe2O2.5 layers
to be laterally interrupted and connected with the
perovskite-type layers. Most APBs have a displacement
vector R ≈ 1/5[101]b. Dislocations are often detected at
the interface between the SrFeO3 buffer layer and the
SFO film and contribute to the relief of the misfit stress.
Figure 6 shows a HREM image of such a dislocation
surrounded by a Burgers circuit with a projected Burg-
ers vector b[010] (AB). Bright dots represent columns
of heavy atoms. The length of the projected Burgers

vector is ap (ap ≈ 0.39 nm). However, a close inspection
shows that the dislocation is dissociated and composed
of two partial dislocations located in the (010) SrFeO3
plane, perpendicular to the projected total Burgers
vector. This can be clearly seen from the two sub-circuits
CA and CB in Figure 6. The two partials have a
projected Burgers vector of [0,b/2,cj/2] and [0,b/2,c/2] re-
spectively. The two partials have the same b-axis but
an opposite c-component.

The image simulation of the SFO/SrFeO3 interface
(inset in Figure 7) confirms that under the experimental
defocus conditions the bright dots correspond to the
heavy atom columns. The excellent fit with the experi-
mental image of the SFO/SrFeO3 interface supports the
idea that the common layer between the SrFeO3 buffer
and the SFO film is the octahedral layer. In the
simulation no oxygen deviation has been taken into
account, but this would hardly alter the intensities.

Occasionally these SrFeO3 perovskite slabs also ap-
pear as intergrowth within the film; they have a
pancake shape with nanometer width, but with 100-
nm lateral dimensions. These SrFeO3 perovskite slabs
mostly appear in the upper half of the film and grow
through the complete film.

4.2.2. Plan View. Plan-view images along the bSFO-
axis show that the SFO films are flat, but with elon-
gated precipitates oriented along two mutually perpen-
dicular directions parallel to [100]SFO and [001]SFO
(Figure 8a). The corresponding ED pattern is shown in
Figure 8b; this pattern is a superposition of the patterns
from substrate, film, and precipitates. The most intense
reflections, which exhibit a square pattern, are due to
the substrate, the film, and the precipitates, whereas
the weaker spots are exclusively due to the SFO film
and the precipitates. The ED pattern is typical of a
twinned structure resulting from domains that have
mutually perpendicular a and c-axes. Figure 8a is
indeed a dark-field image taken with the objective
aperture positioned around the reflection outlined by a
white circle in Figure 8b. These reflections are clearly
associated with the precipitates, which show up bright
in Figure 8a.

Figure 5. Cross-section HREM image of the SFO/STO(001)
interface (indicated by arrowheads). The presence of a buffer
layer of more intense contrast below the arrowheads originates
the creation of an antiphase boundary (indicated by dots). The
b-axis of SFO is also indicated.

Figure 6. HREM image of a misfit dislocation at the SFO/
SrFeO3 interface composed of two partials, as denoted by the
Burgers circuits.

Figure 7. Cross-section HREM image of the interface be-
tween the SFO film and the SrFeO3 buffer layer. A calculated
image based on a model where the interface common layer is
an octahedral layer, for a defocus value ∆f ) -70 nm and a
thickness t ) 4 nm, is shown as an inset. The arrowheads
indicate the position of the SFO/SrFeO3 interface.
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The iron and strontium content of the film and the
precipitates was evaluated by EDX analysis performed
inside the electron microscope. To estimate the quan-
tification error for each element, twenty spectra were
recorded. The SFO film contains (40.2 ( 1.4) % Sr and
(59.8 ( 1.4) % Fe, while the precipitates contain roughly
a similar amount of iron and strontium.

The HREM contrast of such a precipitate is typical
for a perovskite-type structure with planar defects along
two perpendicular directions creating a labyrinth-type
pattern (Figure 8c). Combined data from HREM, ED,
and EDX point toward a perovskite-type structure with
composition SrFeO3 for the elongated precipitates. The
labyrinth-shaped planar defects are due to the insertion
of an extra SrO rock salt-type layer in the SrFeO3
structure resulting in a shift over ap/2 between adjacent
layers along a direction parallel to the SrO layer. The
image simulation (inset Figure 8c) based on the pro-
posed model shows a good fit with the experimental
image.

5. Discussion

5.1. SFO Crystal Structure. The major problem
concerns the crystal structure of the SFO film. The SFO
in the film and the bulk Sr4Fe6O13(δ phase clearly have
the same sublattice but differ by the position of the
satellite reflections. The EDX analysis of the pure SFO
film (no precipitates) reveals a Sr/Fe ratio of 4:6,
indicating that no significant changes are introduced
into the cation sublattice of the SFO film in comparison
with the bulk material. One may therefore assume that
the changes in the crystal structure are caused by a

difference in oxygen content. HREM and ED allow
proposal of a possible relationship between the oxygen
content in the Sr4Fe6O13(δ phases, the R component of
the modulation vector q, and the structural changes
induced by a changing oxygen stoichiometry.

An idealized parent structure model for the Sr4-
Fe6O13(δ phases can be built with the Fmmm space
group in a unit cell with a ) x2‚ap, b ) 4‚ap, c ) x2‚ap
(ap ) the parameter of perovskite subcell) (Figure 9,
top). This unit cell and space group are responsible for
the sublattice of the main reflections of the bulk Sr4-
Fe6O13(δ and the SFO film. The structure is built up of
SrO, FeO2, and Fe2O2 layers, where the SrO and FeO2
layers are identical to the AO and BO2 layers of the ideal
ABO3 perovskite structure. The Fe2O2 layer represents
a fragment of an NaCl structure and consists of edge-
sharing oxygen squares filled with Fe. The layers
alternate along the b axis according to the sequence
-SrO-FeO2-SrO-Fe2O2-SrO- (Figure 9, top). The
coordination environment of Fe in the Fe2O2 layers is
completed to a square pyramid by the oxygen atoms
from the two neighboring SrO layers. Thus, a chess-
board pattern of square pyramids with apical vertexes
directed up and down is formed (Figure 9, bottom). This
idealized structure has a composition Sr4Fe6O12. Be-
cause the perovskite-type layer does not acquire extra
oxygen or anion vacancies when δ is varied in Sr4-
Fe6O13(δ,5,16 an oxygen nonstoichiometry can only be
induced by a variable composition in the NaCl-type
layer. Additional oxygen atoms can be inserted into
these Fe2O2 layers as extra rows of anions running along
the c ) [110]p direction. Extra oxygen rows break the
infinite Fe2O2 into bands of edge-sharing FeO5 pyramids
with a limited extension along the a axis. If the extra

(16) Waerenborgh, J. C.; Avdeev, M.; Patrakeev, M. V.; Kharton,
V. V.; Frade, J. R. Mater. Lett. 2003, 57, 3245.

Figure 8. (a) Dark-field image of the SFO thin film along
the b-axis, showing the presence of elongated precipitates with
two mutually perpendicular directions. (b) Corresponding ED
pattern. The dark-field image in (a) was taken with an
objective aperture positioned in the reflection outlined by a
white circle. (c) Plan-view HREM image showing the presence
of labyrinth-shape planar defects in the SrFeO3 perovskite
precipitates. A calculated image of the planar defects based
on the insertion of an extra salt-type layer, for a defocus value
∆f ) -77 nm and a thickness t ) 3.5 nm, is shown as an inset.

Figure 9. Top: 3D view and [1h01] projection of the idealized
Sr4Fe6O12 structure. Bottom: schematic representation of the
Fe2O2, Fe2O2.5, and Fe2O2.4 layers. The FeO5 square pyramids
point above and below the layer plane.
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oxygen rows create bands with a width of n FeO5
pyramids, the composition of the layer can be written
as Fe2O2+2/n resulting in a Sr4Fe6O12+4/n phase composi-
tion. Two examples where bands with n ) 4 and n ) 5
are formed are shown in Figure 9. The former corre-
sponds to the SFO bulk phase, whereas the latter, as
will be shown below, provides a good approximation for
the structure of the SFO film.

The extra oxygen rows alternate in an ordered man-
ner along the a axis resulting in the appearance of
satellite reflections along a*. The thickness n of the
bands is then directly related to the R component of the
modulation vector q as n ) 2/R ) x{n} + (1 - x)({n}+1),
where {n} is the integer part of n, x stands for the
fractional part of the bands with a width of n, and 1 -
x is the fractional part of n + 1 bands. The compound
composition can therefore be formulated as Sr4Fe6O12+2R.
The experimental value R ) 0.39, obtained by ED,
therefore corresponds to a composition Sr4Fe6O12.78 and
the structure consists of an alternation of approximately
9 bands of 5 pyramids and 1 band of 6 pyramids.

The proposed building scheme can be formalized in
the (3 + 1) dimensional space using the superspace
group and a steplike occupation modulation function for
the atoms in the Fe2O2+2/n layers. For simplicity, we
restrict ourselves to the commensurate approximation
R ) 2/5; this corresponds to the Fe2O2.4 layers shown in
Figure 9. Apart from an occupancy modulation, the real
structure should also include a significant displacive
modulation to avoid extremely short O-O and Fe-O
distances. Such displacements were introduced in the
idealized model using the obvious analogy with the bulk
Sr4Fe6O13(δ structure. The comparison between the
Fe2O2.5 layer in the Sr4Fe6O13(δ structure and the
Fe2O2.4 layer in the Sr4Fe6O12.8 structure model is given
in Figure 10. The displacements result in a transforma-
tion of a part of the square pyramids to the trigonal
bipyramids and a splitting of the layer along the b axis.

The complete model was built with a space group Bba2
and a unit cell with parameters a ) 2.775 nm, b ) 1.892
nm, and c ) 0.557 nm (Figure 11). A calculated image
based on this model is shown as an inset in Figure 12,
and is in excellent agreement with the experimental
image.

The generation of a modulated structure in the SFO
films can be related to the oxygen deficiency. This can
be quantified; indeed the position of the satellite reflec-
tions in the ED patterns allows determination of the
oxygen content in the SFO films. Because the Fe2O2+2/n
layers formed by pyramids and bipyramids supply the
oxygen charge carriers it is assumed that the oxide-ion
conduction will be influenced by the deficiency of oxygen
content in the SFO films. The oxygen content and the
formation of the incommensurate modulation will, of
course, also be affected by the misfit stress between the
film and the substrate. However, the misfit stress is
very low and moreover, the intermediate perovskite
layer will partially accommodate the misfit.

It should be noted that a substantial decrease of the
oxygen content in Sr4Fe6O13(δ requires strongly reduc-
ing conditions, such as T ) 1173 K and P(O2) ≈ 10-7

mbar.5 The SFO film was grown at lower temperature
(1023 K) and a much higher partial oxygen pressure (3
× 10-2 mbar), so it is hardly possible to expect a
reduction of the as-grown material under such condi-
tions. This indicates that the reduced Sr4Fe6O13-δ
compounds can not only be obtained by postannealing
treatment, but also by direct synthesis at much softer
reducing conditions. This conclusion might open a new
synthesis route toward reduced Sr4Fe6O13-δ phases with
an ordered arrangement of oxygen atoms and anion
vacancies in the Fe2O2+2/n layers.

5.2. Microstructure. SFO thin films prepared by
PLD on STO apparently contain SrFeO3 perovskite
which is mainly present in two different forms: as a
buffer layer between the SFO film and the STO sub-
strate, and as nanosized intergrowths within the film.
The SrFeO3 perovskite and the STO substrate belong
to the same space group; they also have a very similar
lattice parameter and therefore their reflections super-
pose in the ED patterns (Figure 2). The epitaxial
relation between the SFO film and the SrFeO3 perovs-
kite is the same as that for the SFO/STO sample:
[001]SrFeO3 || [010]SFO, (010)SrFeO3 || (201)SFO. The differ-
ence in lattice parameter (aSrFeO3 < d201,SFO) is largely
taken up elastically, leading to a somewhat larger aSrFeO3

lattice parameter parallel to the interface.
The STO substrate was chosen to minimize the misfit

with the SFO film along the contact plane and to avoid
possible mechanical deformation. However, the forma-
tion of a SrFeO3 buffer layer takes place although aSrFeO3

Figure 10. FeO5 polyhedra arrangement in the Fe2O2.5 layer
(top) and the Fe2O2.4 layer (bottom).

Figure 11. [001] projection and 3D view of the Sr4Fe6O12.8 structure model, showing the double Fe2O2.4 layers and the perovskite-
type layers. The white circles represent the Sr ions.
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< aSTO < d201,SFO. The SrFeO3 buffer layer is sandwiched
between two phases with larger lattice parameters.
From a purely elastic point of view, it would seem more
favorable to form the SFO phase directly on STO
because the misfit is smaller (δSTO/SFO(a) ) 0.52% and
δSTO/SFO(c) ) 0.89%) compared with the SrFeO3 phase
(δSTO/SrFeO3 ) 1.42%). Moreover, the misfit between the
buffer layer and the SFO film is δSrFeO3/SFO(a) ) 1.94%
and δSrFeO3/SFO(c) ) 2.31%. We therefore have to accept
that the formation of the perovskite buffer layer not only
depends on the lattice mismatch but also on the lattice
energy involved at the initial stages of the growth
process; the perovskite stacking tends to remain con-
tinuous along the interface, leading to the formation of
a nanosize SrFeO3 perovskite-type buffer layer. The
variable thickness of this layer promotes the formation
of APBs that will certainly influence the oxide-ion
conduction, which is assumed to be strictly two-
dimensional confined to the double layers. Indeeed, the
double layers are laterally interrupted and connected
with the perovskite-type layers along an APB.

The lattice parameter mismatch between the film and
the buffer layer also causes the epitaxial film to be
strained. The set of pseudocubic planes of the film
material is under a small compressive stress. Thus, the
out-of-plane b parameter stretches to compensate for cell
volume changes resulting in an elongated b parameter
of ∼1.9 nm. However, the misfit stress cannot be
accommodated in the SFO film on STO exclusively via

elastic deformation, and inelastic accommodation mech-
anisms are required. It is usually assumed that this
occurs by the formation of misfit dislocations in the as-
grown state. Misfit dislocations are commonly composed
of two partials. The misfit stress also promotes the
development of 90° rotation twins where the twin
domains have mutually perpendicular a and c-axes.

Elongated precipitates of SrFeO3, oriented along two
mutually perpendicular directions parallel to [100]SFO
and [001]SFO, will also contribute to release the misfit
stress. Planar defects observed in plan view (Figure 8c)
can be understood, assuming the insertion of an extra
SrO rock-salt-type layer in the SrFeO3 structure; this
requires an oxygen deficiency. This requisite is in good
agreement with the oxygen-deficient crystal structure
proposed for the SFO film.

6. Conclusion

The crystal structure and microstructure of epitaxial
Sr4Fe6O13(δ thin films grown on a STO single-crystal
substrate have been studied. An incommensurate modu-
lation in the thin film can be interpreted as an oxygen-
deficient modification. The structure of the modulated
phase has been determined from electron diffraction and
high-resolution microscopy data. Electron diffraction
patterns can consistently be used to estimate the oxygen
content in the SFO films.

The misfit stress along the SFO/STO interface is
accommodated via both elastic deformation (aSFO and
cSFO parameters shorten and the out-of-plane bSFO
parameter elongates and compensates for cell volume
changes) and inelastic accommodation (misfit disloca-
tions and 90° rotation twins). The present results also
suggest the existence of SrFeO3 perovskite slabs at the
SFO/STO interface as well as within the SFO film.
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Figure 12. [001]SFO HREM image showing the incommensu-
rate modulation. A calculated image based on the model of
Figure 11, for a defocus value ∆f ) -85 nm and a thickness t
) 7 nm, is shown as an inset.
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