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Local electronic structure analysis for brownmillerite Ca(Sr)FeO, 5
using site-resolved energy-loss near-edge structures
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Oxygen K-edge and Fe L,3-edge electron energy-loss near-edge structures (ELNES) were
measured for FeOgq octahedra and FeO, tetrahedra in the brownmillerite Ca(Sr)FeO, 5 by focusing
an electron probe at individual Fe sites using scanning transmission electron microscopy combined
with electron energy-loss spectroscopy. The observed site-resolved oxygen K-ELNES showed
different features reflecting the local chemical bonding around the FeOg octahedra and FeO,
tetrahedra. A pre-peak in the O K-edge spectra, which is attributed to a transition to an unoccupied
O 2p band hybridized with the Fe-3d band, shows splitting in the spectrum of the FeOg4 octahedral
site. Additionally, for the oxygen linking the octahedral and tetrahedral Fe sites in CaFeO, s,
charge transfer was found to preferentially occur toward the tetrahedral Fe ions. In the case of
SrFeO, 5, charge transfer from the oxygen located in the ac plane was biased toward the tetrahedral
Fe atoms. Based upon an analysis of the pre-peak intensity of the O K-ELNES, it was concluded
that bonding between the oxygen and iron atoms at the tetrahedral site was more covalent in
character than at the octahedral site. The strong covalent character of the tetrahedral sites would be
one of the reasons for distortion in the FeOgq octahedra in Ca(Sr)FeO,s, as exhibited by an

extension along the b-axis. © 2011 American Institute of Physics. [doi:10.1063/1.3610526]

. INTRODUCTION

Transition metal oxides in strongly correlated electron
systems exhibit a variety of physical properties sensitively
related to their crystal structures and constituent elements.
Since these structurally complex crystals often have some
nonequivalent atomic sites in a unit cell, the local electronic
structure is different even for the same element. To further
understand such materials it is important to examine the local
electronic structure at high spatial resolution. In the case of
layered crystals, in particular, it is possible to independently
analyze the electronic structure from individual nonequiva-
lent sites' ™ using electron energy-loss spectroscopy (EELS)
combined with high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM)”~ incorporat-
ing a spherical aberration corrector for the illuminating lens
system.®” The brownmillerite structure (ABO, ) is a typical
example of a layered structure with anion vacancy ordering
and consists of alternate layers of BOg octahedra and BO,
tetrahedra.

In the present research, the differences between the
local electronic structures of the FeOg octahedra and FeOy4
tetrahedra were investigated in brownmillerite Ca(Sr)FeO, 5
by measuring the O K-edge and Fe L, ;-edge energy-loss
near-edge structure (ELNES) using the site-resolved scan-
ning transmission electron microscopy combined with elec-
tron energy-loss spectroscopy (STEM-EELS) method. The
crystal structures of Ca(Sr)FeO, 5 have orthorhombic lattice
constants of a=5.5946 A, h=14.8273 A, and ¢ =5.4307 A
for CaFeO,s,'" and a=5.6685 A, h=15.5823 A, and
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¢=5.52653 A for StFeO, 5, as determined by powder
neutron diffraction analysis and shown schematically in
Fig. 11713 The space groups of CaFeO, 5 and SrFeO, 5 are
Pcmn and Icmm, respectively. They differ only in the tetra-
hedral chain ordering. The brownmillerite structure consists
of alternate layers of Fe>™ O4 octahedra and Fe’™ Oy tetra-
hedra along the b-axis. They have a G-type antiferromag-
netic structure with a spin oriented along the c-axis with a
high Néel temperature (Tyn=720 K for CaFeO,s and
Tn=700 K for SrFe0,5).'*!5 In a G-type structure, the
spin directions of near-neighboring Fe" ions are anti-paral-
lel to each other. In conformity with this magnetic structure,
CaFeO, 5 has only weak parasitic magnetism along the a-
axis."® The origin of the weak ferromagnetism is considered
to be the Dzyalonshinskii-Moriya interaction.'®'” The mag-
netic properties of CaFeO, s are described in terms of
superexchange interactions and distortions in the crystal
structure.

To better understand the local electronic structure at
individual atomic sites, site-resolved EELS offers a promis-
ing method which can extract the different local chemical
bonding and crystal field splitting around the FeOg4 octahedra
and FeQ, tetrahedra. There are three nonequivalent oxygen
atoms and two nonequivalent iron atoms in the unit cell, as
shown in Fig. 1. An interesting structural feature is the dis-
tortion of the FeOg octahedra, in which the Fel-O2 bond
length is longer than the Fel-O1 bonds in the octahedra. In
the case of CaFe,Mn;_,O, s, it was reported that Mn> " pref-
erentially residing in octahedral sites induces a Jahn-Teller
distortion.'® Since Fe®" is a non-Jahn-Teller ion, however,
the distortion in the octahedron of Ca(Sr)FeO, s must arise
from other factors. Recently, Grosvenor et al. have reported
the results of Fe K-edge XANES (x-ray absorption near-
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FIG. 1. (Color online) Structure model of brownmillerite Ca(Sr)FeO, s ana-
lyzed by neutron diffraction. There are three nonequivalent oxygen atoms
(01, 02, and O3) in the unit cell. In the G-type magnetic structure, near-
neighboring Fe*" ions always have opposite spins.

edge spectroscopy) of Ca,_,Sr,Fe,Os and found that as the
Sr concentration increases, the unit cell expands, particularly
along the b-axis, and the degree of O 2p-Fe 4p(3d) orbital
overlap decreases.'® They also discussed the effects of sub-
stitution at each site based on the site preference of B-site
substitution of ions.?’ The advantage of site-resolved STEM-
EELS is the ability to directly examine the nature of the dif-
ferences at each site. In the present work, we discuss the ori-
gins of the distortion by analyzing the site-resolved ELNES
using first principles band structure calculations.

Il. METHODOLOGY

The brownmillerite CaFeO, s was prepared by a solid-
state stoichiometric reaction of CaCOj3 and Fe,O5. A mixture
of the raw materials was fired at 1200 °C in air for 36 h with
intermediate grinding. The STEM samples of CaFeO, 5 were
prepared by mechanical crushing. A sample of a brownmil-
lerite SrFeO, 5 film was fabricated using pulsed laser deposi-
tion. The SrFeO, 5 thin films were grown heteroepitaxially on
SITiO; (STO) substrates.”’ The growth temperature was
700°C in an oxygen partial pressure of 1.0 x 10~ Torr.
Cross-sectional samples were thinned down to electron trans-
parency by ion milling. The thickness of the observed area is
about 30 nm, as estimated by EELS measurements. Atomic
resolution STEM imaging and EELS measurements were per-
formed at room temperature using a 200 kV TEM/STEM
(JEM-9980TKP1; Cy=—0.025 mm, C5=15 mm) equipped
with a spherical aberration corrector for the illuminating lens
system. This provided an incident electron probe of less than
0.1 nm in diameter with a convergent semi-angle of approxi-
mately 23 mrad. Atomic resolution high-angle annular dark
field (HAADF) images were obtained with a detection semi-
angle of 70—170 mrad. The EEL spectra were measured using
an omega filter with a collection semi-angle of 10 mrad to
ensure dipole transition. The energy resolution measured by
the full width at half maximum of a zero-loss peak was about
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0.5 eV using a cold field emission gun. Additionally, annular
bright-field (ABF) imaging was applied to directly observe
the distorted FeOg octahedra using a JEM-ARM200 F
(200 kV, detection angle is about 11.5-23 mrad).*?

In order to interpret the oxygen K-edge ELNES, first-
principles band structure calculations were performed by a
full-potential linear augmented plane wave plus local orbital
(LAPW +LO) method using the wien2k code within the
framework of density functional theory.”® To describe the
exchange-correlation potential, spin-polarized generalized-
gradient approximation is employed.”* The values of the
atomic sphere radii were chosen as 1.8 a.u. for Ca, 2.2 a.u.
for Sr, 1.8 a.u. for Fe, and 1.63 a.u. for O. The ELNES spec-
tra were calculated using the TELNEs.2 package incorporated
in the wien2k code.”> The effect of a core hole was taken
into account in the calculations by introducing a hole in the
oxygen ls state at each nonequivalent oxygen site and add-
ing an electron in the valence band. Calculations including
the core-hole were carried out for the primitive unit cell so
that the procedure would converge within a practical time.
Although the lengths of the a- and c-axes in the primitive
unit cell might not be sufficient to avoid any nonphysical
interactions between the core:—holets,26’27 the calculated spec-
tra agreed well with the experimental spectra. Since the
structure of SrFeO, 5 with the Icmm space group includes a
randomly-oriented tetrahedral chain within the layer, making
it difficult to calculate the band structure, the Ibm2 space
group was also used for SrFeO,s. The crystal orientation
effect was not considered in the calculation of the ELNES.

Figure 2(a) shows a typical atomic resolution HAADF
image of SrFeQ, 5 projected along the [101] axis. The Fe col-
umns in the octahedral site appear brighter than those in the
tetrahedral site in the HAADF image, which is mainly attrib-
uted to electron channeling effects resulting from the differ-
ent structures along the projection axis.”® The Fe columns for
the tetrahedral iron sites have a dumbbell structure with a
small separation, while those for the octahedral iron sites are
almost straight columns. In the former columns the probabil-
ity of electron channeling becomes small, and thus the inten-
sity in the HAADF image is weak compared to that from the

»

0% nm™

FIG. 2. (Color online) Atomic resolution (a) HAADF and (b) ABF images
of SrFeO,s. The oxygen sites can be directly observed in the ABF image,
confirming distortion of the FeOgq octahedra.
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latter columns. In order to evaluate the spatial resolution of
site-resolved EELS, the delocalization of inelastic scattering
due to the excitation of the oxygen 1s electron and the elec-
tron channeling effect must be taken into account.*** Since
the brownmillerite structure consists of alternate layers of
FeOg octahedra and FeO, tetrahedra along the b-axis, it can
be expected that specific oxygen atoms coordinating to each
Fe site in the unit cell are separately excited when an electron
probe is scanned along the same Fe-polyhedral layer (c-axis)
as described in our previous work.*

lll. RESULTS AND DISCUSSION

Figure 3 shows experimental site-resolved O K-edge
ELNES spectra acquired by scanning an electron probe only
at an FeOg octahedral site or an FeO, tetrahedral site as
along with the average spectra obtained by scanning over the
whole unit cell of Ca(Sr)FeO, 5 for comparison. The calcu-
lated spectra including the core-hole are also shown by bro-
ken red lines in Fig. 3, and show good agreement with the
experimental spectra (solid blue lines). The intensity of the
spectra was normalized at about 50 eV far from the edge.
The theoretical threshold energy was evaluated by the differ-
ence in total energy between the ground state and excited
state including the core-hole, and was used to calibrate
the difference in threshold energy for each excited O atom.
The experimental and calculated spectra were aligned at the
threshold. These spectra exhibit different shapes reflecting
the local electronic structure around each iron site, although
the spectral features of the CaFeO, s and SrFeO, s spectra
are basically similar. Since the O2 oxygen atoms linking
each octahedron and tetrahedron contribute to the experi-
mental spectra at both sites owing to the delocalization of
inelastic scattering,®® each calculated site-resolved spectrum
includes contributions from all oxygen atoms forming the
octahedra and tetrahedra by taking into account the number
of sites contained in the unit cell as described in Ref. 4. By
comparing the spectral features with the partial density of

(a) CaFeO, (b)

Intensity (arb. units)
Intensity (arb. units)

Tetrahedra

Exp.

545 525 530 535 540 545
Energy Loss (eV)

525 530 535 540
Energy Loss (eV)

FIG. 3. (Color online) Experimental (blue solid line) and calculated (red
dotted line) O K-edge ELNES of (a) CaFeO, s and (b) SrFeO, s measured
over the whole unit cell, and at the individual FeOg octahedral and FeO, tet-
rahedral sites.
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states (PDOS), the pre-peak A can be attributed to the transi-
tion from the O 1s to the unoccupied O 2p-states hybridized
with Fe 3d-states near the Fermi level, while peaks B and C
correspond to transitions to the unoccupied O 2p-states
mainly hybridized with Ca(Sr) 3d(4d) and Fe 4s/4p states,
respectively. Notably, the pre-peak A is significantly differ-
ent between the octahedral and tetrahedral sites. The pre-
peak A in the spectra measured at the octahedral site is split,
while that measured at the tetrahedral site is not. This is
attributed to the splitting of the Fe 3d band by the crystal
field having octahedral or tetrahedral symmetry around each
iron site. From a qualitative standpoint, the crystal field split-
ting at a tetrahedral site is normally smaller than that at an
octahedral site for the same ion species. In order to interpret
the differences in pre-peak A between the octahedral and tet-
rahedral sites, we begin by looking at the electronic structure
of the ground state in terms of the density of states (DOS)
calculated for CaFeO, 5, because the band structure can be
calculated using the correct space group. Since the experi-
mental ELNES agreed with the spectra calculated for the
excited state including the core-hole, the core-hole effect on
the unoccupied DOS will be discussed later.

Figure 4 shows the spin-polarized Fe 3d-DOS and O 2p-
DOS of the ground state projected on the octahedral and tet-
rahedral atomic sites. Since the Fe®" ion nominally has five
d-electrons, half of the 3d-band of Fe site is occupied with
electrons having the same spin. If the 3d-band at the Fel
octahedral site is assumed to be occupied with up-spin elec-
trons, then the Fe2 tetrahedral site must be occupied with
down-spin electrons in accordance with the antiferromag-
netic structure of type-G, as shown in Fig. 5(a). In that case,
the unoccupied 3d-DOS of the Fel site has a strong intensity
in the down-spin band [Fig. 4(a)], while that of the Fe2 site
has a strong intensity in the up-spin band [Fig. 4(b)]. These
unoccupied Fe 3d-bands can hybridize with unoccupied O
2p-bands with the same spin of nearest neighbor oxygen ions
via superexchange interactions, for instance, between Fel
and Fe2 ions through an O2 ion. That is, the unoccupied 3d-
bands with down-spin at the Fel site can hybridize with the
unoccupied 2p-bands with down-spin at the O1 and O2 sites.
The oxygen 2p-DOS of the down-spin bands at the Ol and
02 sites are shown in Figs. 4 (c) and 4(e), respectively. Con-
versely, the unoccupied 3d-bands with up-spin at the Fe2 site
can hybridize with the unoccupied 2p-bands with up-spin at
the O2 and O3 sites [Figs. 4 (e) and 4(d)]. Therefore, the
unoccupied 2p-DOS of the O2 site [Fig. 4(e)], linking the
Fel (octahedral site) and Fe2 ions (tetrahedral site), shows
different distributions between the up-spin and down-spin
bands, reflecting the different local symmetry around each
Fe ion. Similarly, since the O1 ion links two octahedral Fel
ions having different spin states, unoccupied 2p-bands with
up-spin at the O1 site can hybridize with 3d-bands with up-
spin at the neighboring Fe ion equivalent with the Fel site.
The oxygen 2p-DOS of the up-spin bands at the Ol site is
similar to that of the down-spin bands [Fig. 4(c)] due to the
same local symmetry [Fig. 4(a)].

We note that the Fe 3d-DOS at the Fel site clearly splits
into three peaks. The first peak, consisting of d,, d,., and d_,
components, might arise from f,, states, while the e, states
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FIG. 4. (Color online) Spin-polarized partial DOS of CaFeO, s at the ground
state. Unoccupied Fe 3d-DOS at (a) the Fel octahedral site, and (b) the Fe2
tetrahedral site. Unoccupied O 2p-DOS at (c) the Ol site, (d) the O3 site,
and (e) the O2 site.

individually split into d.. and d,2_,., which is attributed to dis-
tortion of the FeOg4 octahedron from cubic symmetry (O),) by
the periodical ordered oxygen vacancy as shown in Fig. 5(a).
Neutron diffraction analysis confirmed that the bond length
of Fel-02 is longer than that of Fel1-O1.'° Such a distortion
can be directly observed in the ABF image of SrFeO, s in
Fig. 2(b) as a slight, but clear, shift in the oxygen atoms. The
distorted crystal field leads to the further splitting of the 7,,
and e, states as shown in Fig. 5(b), although Fe’" is not a
Jahn-Teller ion. Each oxygen 2p state hybridizes with the Fe
3d state in accordance with the spatial distribution of the 3d
orbital as shown in Figs. 4(c) and 4(e). Since the Ol ions
bind only to the Fel ion in the ac plane, the 2p, and 2p, states
at OI strongly hybridize with the d,._,. and d,, states of the
Fel ion, and the 2p. strongly hybridizes with the d,. and d.,
states. However, in the case of the unoccupied down-spin 2p
band of the O2 ion, which hybridizes only with the Fel octa-
hedral site, the 2p, state strongly hybridizes with d.., and
there is no hybridization between the O2 2p states and the
Fel d._,. state. On the other hand, for the Fe2 ion at the tet-
rahedral site, the 3d-DOS of Fe2 differs from that of Fel,
reflecting different crystal field splitting (e and #,) [Fig. 4(b)].
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FIG. 5. (Color online) (a) Local structure of FeOg and FeO, in the Ca(Sr)-
FeO, 5 crystal. The typical bond lengths and angles are shown. The paren-
thetic values are for SrFeO,s with the /bm2 space group. Fel at the
octahedral site was assumed to be up-spin and Fe?2 at the tetrahedral site was
assumed to be down-spin. (b) Schematic representation of crystal-field split-
ting of the Fel 3d states due to the distortion of the FeOg octahedron.

The crystal field splitting at the tetrahedral site is smaller than
that at the octahedral site. Since O3 binds only to Fe2 in the
ac plane, the 2p, and 2p, states strongly hybridize with the
dyy, or dy._. state. Furthermore, it should be noted that the
unoccupied up-spin 2p, band at the O2 site [Fig. 4(e)]
strongly hybridizes with the d,. and d., states of the Fe2 ion,
while the O2 2p, band hybridizes with the d_. state because of
the large bond angle of Fel-O2-Fe2 (140.0°).

So far, we have discussed the electronic structure in the
ground state. When a core electron is excited to unoccupied
states, a hole is generated in the core state. Generally, the
core-hole potential modifies the distribution of the DOS at
the bottom of the unoccupied band, which is reflected in the
observed ELNES. Figures 6(a) and 6(c) show the unoccupied
3d-DOS with down-spin at the octahedral Fel site and the
unoccupied 2p-DOS with down-spin at the O2 site, respec-
tively, when the 1s electron of the O2 site is excited. On the
other hand, when a core-hole exists in the 1s state of Ol,
each unoccupied DOS projected to the Fel and Ol sites is
modified differently, as shown in Figs. 6(b) and 6(d). As an
overall trend of the core-hole effect, the DOS mainly shifts
toward the Fermi level. It should be noted from Figs. 6(a)
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and 6(b) that the unoccupied 3d-DOS of the Fel site differs
depending on the location of the core-hole. In particular, the
d, dy., and d., states of Fel are strongly affected by the
introduction of the core-hole at the O2 site as shown in
Fig. 6(a), whereas the d,._ . and d,, states of Fel are strongly
affected by the introduction of the core-hole at the Ol site
[Fig. 6(b)]. These changes in the 3d-states of the Fel site
result from the different screening of the core-hole potential
at each O site through hybridization with the oxygen 2p states
[Figs. 6(c) and 6(d)]. However, the crystal field splitting of
the octahedral site preserves the same features as that of the
ground state [Fig. 4(a)]. In the case of the tetrahedral site,
the changes in the 3d-DOS of the Fe2 site also depend on the
location of the core-hole. Since the ELNES include the core-
hole effect, and the O2 linking the octahedral and tetrahedral
sites contributes to both experimental site-resolved spectra,
interpretation of the experimental spectra is complicated.

The site-resolved ELNES were calculated by using the
PDOS including a core-hole at each oxygen site. Figure 7
shows the individual spin-polarized O K-edge ELNES calcu-
lated for each oxygen site with a core-hole. The site-resolved
ELNES simulated by using these spectra agree well with the

J. Appl. Phys. 110, 033708 (2011)

experimental spectra as shown in Fig. 3. The peaks Al, A2,
and A3 (blue line) in the pre-peak can be attributed to the
transition to the O 2p band mainly hybridized with the
Fel—ey/by,, —bi, and —a,, states, respectively, reflecting
the distribution of the Fe-3d orbital in the octahedral site, as
mentioned in the preceding text, for Fig. 6. It is concluded
that the pre-peak splitting of the experimental spectra at the
octahedral site reflects the local electronic structure of the
Fe-3d band around the distorted FeOg through hybridization
between the O 2p and Fe 3d bands. The crystal field splitting
at the FeO, site is smaller than that at the FeOq site [Fig.
3(a)]. These features were also apparent in the case of
SrFeO, s.

Since the pre-peak intensity can be correlated to the
number of holes at the oxygen site,’'*? it is worthwhile to
investigate this feature in relation to the specific nature of the
site and compound. In the case of a purely ionic model, the
oxygen 2p states are completely filled, so the channel of tran-
sition from the 1s to 2p states in oxygen would be closed in
ELNES. However, including some covalent character reduces
the number of filled states with oxygen 2p character, and
thus, some pre-peak intensity should appear. Since the pre-
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FIG. 7. (Color online) The individual spin-polarized O K-edge ELNES of
(a)—(c) CaFeO, s and (d)—(f) SrFeO, 5 calculated for each oxygen site with a
core-hole.

peaks are observed in both site-resolved spectra, the chemical
bonding around the octahedral and tetrahedral sites clearly
has some covalent character. From the Mdssbauer spectrum
of CaFeO, s, it has been reported that the Fe ions at both sites
exist in trivalent states.*®> Therefore, each pre-peak should
have the same integrated intensity and, in fact, the site-
resolved spectra of CaFeO, s show almost the same inte-
grated pre-peak intensity between the octahedral and tetrahe-
dral sites [Fig. 3(a)]. In the calculated spectra, however, the
pre-peak intensity is different at each oxygen site as shown in
Figs. 7(a)-7(c). It can be seen that the pre-peak in the O2
spectrum is slightly smaller than those in the O1 and O3 spec-
tra. Furthermore, the integrated intensity of the pre-peak in
the up-spin O2 spectrum [red line in Fig. 7 (b)] is consider-
ably larger than that in the down-spin spectrum [blue line in
Fig. 7(b)]. This indicates that the number of holes in the O2
2p band hybridizing with the 3d band of the tetrahedral Fe2
site is greater than that in the O2 2p band hybridizing with
the 3d band of the octahedral Fel site. This calculated result
indicates that charge transfer from O2 to Fe2 is larger than
that from O2 to Fel. Of course, charge transfer also occurs
from O3 to Fe2 and from Ol to Fel, showing the covalent
character of the bonding between these atoms, because of the
existence of the pre-peaks in the Ol and O3 spectra. How-
ever, the asymmetrical charge transfer from O2 to Fel and
Fe2 should affect the local structure. Specifically, an increase
in the covalent character of Fe2-O2 should lead to a decrease
in the bond length between Fe2 and O2. In fact, the bond
length between Fe2 and O2 at the tetrahedral site (1.84 A) is
shorter than that between Fel and O2 at the octahedral site
(2.13 A), as shown in Fig. 5(a). On the other hand, the small
pre-peak in the down-spin spectrum of the O2 spectra [blue
line in Fig. 7(b)] indicates that a large ionic character exists
in the bonding between Fel and O2. Since the spin state
is not experimentally discriminated and the site-resolved
spectra equally detect the contributions from O2 due to the
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delocalization of inelastic scattering, the spectra measured
from the octahedral and tetrahedral sites show almost
the same integrated pre-peak intensity. However, the calcula-
tions suggest that different amounts of valence charge are
localized at the Fel and Fe2 ions, which might be detected in
the Fe-L, 3 edge excitation spectra.

Figure 8 shows the site-resolved Fe L, ;-edge spectra of
CaFeO,s. The Fe L,3;-edge ELNES spectra acquired from
the Fel octahedral site is similar to a typical Fe> spectrum
measured from hematite, which shows a shoulder peak at the
low energy side of the L; peak.”’ The L peak of the Fel
octahedral site is higher in energy by about 0.5 eV than that
of the Fe2 tetrahedral site. A similar result has been reported
for Fe Ls-edge XANES of Ca,Fe,Mn;_,O5 (Mn atoms favor
occupying the octahedral site).”” The present result indicates
that the transition energy from the Fe 2p level to the Fe 3d-
band is lowered at the Fe2 tetrahedral site by the increase in
Coulomb repulsion between the 2p electrons and valence
electrons due to charge transfer from O2. The chemical shifts
in the Fe L; peaks at the site-resolved Fe L, 5-edge are there-
fore evidence of charge transfer at the Fe2 tetrahedral site
mainly originating from O2. Therefore, it would be consid-
ered that the stronger covalent character between O2 and
Fe2 at the tetrahedral site arising from the biased charge
transfer from O2 to Fe2 contributes heavily to the distortion
in the FeOg octahedron, although the cause of the distortion
in such a complex compound is related to many factors.

On the contrary, in the case of SrFeO, s, the integrated
intensity of the pre-peak A from the FeO, tetrahedral site
was obviously larger than that from the FeOgq octahedral site
in both the experimental and calculated spectra as shown in
Fig. 3(b). This result suggests that the pre-peak intensity in
the O1 spectrum might differ from that in the O3 spectrum.
In fact, the integrated intensity of the pre-peaks in both the
02 and O3 spectra are considerably larger than that in the

CaFeOz2s
Fe L23-edge

(a) whole unit

Intensity (arb. units)

Ls L2

705 710 715 720 725 730
Energy loss (eV)

FIG. 8. Experimental Fe L, 3;-edge ELNES of CaFeO, 5 for (a) the whole
unit cell, and at the (b) FeOg octahedral. and (c) FeO, tetrahedral sites,
respectively.
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O1 spectrum, as shown in the calculated spectra of Figs.
7(d)-7(f). These results indicate that the tetrahedral site of
SrFeO, 5 has a strong covalent character in comparison to
that of CaFeO, 5. The substitution from Ca to Sr leads to an
increase in the bond length between Fel and O2 compared to
other Fe-O bonds, while the Fe2-O2 bond is not greatly
changed, as shown in Fig. 5(a).'” However, the integrated in-
tensity of the pre-peak related to the tetrahedral site [red line
in Figs. 7(b) and 7(e)] significantly changes compared to that
of the octahedral site [blue line in Figs. 7(b) and 7(e)] upon
substitution with the Sr ion. As a general trend, since A-site
substitution with a larger ion (Ca — Sr) leads to an increase
in the bond angle of Fel-O2-Fe2 (140.0° — 151.6°), it is
considered that an increase in overlap between the O2 2p
and Fe2 3d orbitals affects the covalent character between
these ions in SrFeO, 5. On the contrary, it should be noted
that the pre-peak intensity in the O3 spectrum varies between
the up- and down-spin spectra in SrFeO,s, as shown in
Fig. 7(f). The O3 atom links the Fe2 and Fe2’ atoms, having
opposite spin as shown in Fig. 5(a). Since the up-spin spec-
trum is related to bonding with the Fe2 atom, the relatively
strong pre-peak of this spectrum indicates a large charge
transfer from O3 to Fe2, as compared to that from O3 to
Fe2'. Such an asymmetrical charge transfer from O3 to the
tetrahedral Fe atoms should lead to the observed difference
in bond lengths between Fe2-O3 (1.83 /0\) and Fe2’-03 (2.04
A). Therefore, the Fe2-O3 bond has a strong covalent char-
acter and charge transfer as compared to the Fe2'-O3 bond.
The band structure of SrFeO, 5 was calculated by assuming
the Ibm2 space group, which predicts an asymmetrical
charge transfer from O3 to Fe2. Since the actual space group
of StFeO, 5 is Icmm, which includes the randomly oriented
tetrahedral chain within the layer, it appears that the strong
charge transfer from O3 to the Fe2 atoms occurs randomly at
either side. Therefore, the Icmm space group for SrFeO, 5
can be attributed to the random charge transfer from O3 to
Fe2 at the FeO, tetrahedral site.

IV. CONCLUSIONS

In the present research, O K-edge and Fe L,3-edge
ELNES were measured at FeOg octahedra and FeO, tetrahe-
dra in the brownmillerite Ca(Sr)FeO, s by focusing an elec-
tron probe at each Fe site using STEM-EELS. The observed
site-resolved oxygen K-ELNES showed specific features
reflecting the local chemical bonding around the FeOg octa-
hedra and FeO, tetrahedra. The splitting observed in the pre-
peak of the O K-edge, indicating transition to an unoccupied
O-2p band hybridized with the Fe-3d band, demonstrated the
strong crystal field of the octahedral site as compared to the
tetrahedral site. The site-resolved O K-ELNES were in fairly
good agreement with the calculated spectra based on the
unoccupied O 2p-DOS, including a core-hole at each inde-
pendent oxygen site. From a detailed analysis of the pre-peak
intensity of O K-ELNES, it was found that asymmetrical
charge transfer occurs at the O2 atom, linking the octahedral
and tetrahedral Fe atoms in Ca(Sr)FeO, 5. The charge transfer
from O2 to the tetrahedral Fe2 atom is larger than that to the
octahedral Fel atom. This indicates that the bonding charac-
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ter between O2 and the tetrahedral Fe2 atoms is more cova-
lent than that between the O2 and Fel atoms, which leads to
the observed difference in bond length between O2-Fe2 and
02-Fel. The FeOg octahedra are distorted by an ordered oxy-
gen vacancy, which was directly observed as slight shifts in
the O2 atoms at the tetrahedral Fe2 site in the ABF image,
reflecting the long bond length of O2-Fel. Therefore, the
stronger covalent character between O2 and Fe?2 at the tetra-
hedral site arising from the biased charge transfer from O2 to
Fe2 would be one of the reasons for the distortion in the FeOg
octahedron. The distortion of the FeOg octahedra was clearly
observed as a slight shift of apical oxygen columns in the
ABF-STEM image.

Asymmetrical charge transfer was also identified at the
03 atom linking the tetrahedral Fe atoms in StFeO, 5. It was
concluded that the difference in bond length between O and
the various tetrahedral Fe atoms in the ac plane was caused
by an asymmetrical charge transfer, leading to each O-Fe
bond having different covalent character at the tetrahedral
site in SrFeO, s.
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