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An unusual high-spin ground state of Co3+ in
octahedral coordination in brownmillerite-type
cobalt oxide

S. Ya. Istomin,*a O. A. Tyablikov,a S. M. Kazakov,a E. V. Antipov,a A. I. Kurbakov,b,c

A. A. Tsirlin,d,e N. Hollmann,e Y. Y. Chin,f H.-J. Lin,f C. T. Chen,f A. Tanaka,g

L. H. Tjenge and Z. Hue

The crystal and magnetic structures of brownmillerite-like Sr2Co1.2Ga0.8O5 with a stable Co3+ oxidation

state at both octahedral and tetrahedral sites are refined using neutron powder diffraction data collected

at 2 K (S.G. Icmm, a = 5.6148(6) Å, b = 15.702(2) Å, c = 5.4543(6) Å; Rwp = 0.0339, Rp = 0.0443, χ2 =

0.775). The very large tetragonal distortion of CoO6 octahedra (1.9591(4) Å for Co–Oeq and 2.257(6) Å for

Co–Oax) could be beneficial for the stabilization of the long-sought intermediate-spin state of Co3+ in

perovskite-type oxides. However, the large magnetic moment of octahedral Co3+ (3.82(7)μB) indicates the

conventional high-spin state of Co3+ ions, which is further supported by the results of a combined

theoretical and experimental soft X-ray absorption spectroscopy study at the Co-L2,3 edges on

Sr2Co1.2Ga0.8O5. A high-spin ground state of Co3+ in Sr2Co1.2Ga0.8O5 resulted in much lower in compari-

son with a LaCoO3 linear thermal expansion coefficient of 13.1 ppm K−1 (298–1073 K) determined from

high-temperature X-ray powder diffraction data collected in air.

Introduction

Trivalent cobalt (3d6) adopts different spin states: low-spin, LS
(t2g

6eg
0, S = 0), high-spin, HS (t2g

4eg
2, S = 2), and, possibly,

intermediate-spin, IS (t2g
5eg

1, S = 1). The particular spin state
of Co3+ ions depends on their coordination number, strength
of the crystal field, and even on temperature. For six-fold-
coordinated Co3+ in three-dimensional structures, the LS
ground state was observed in LaCoO3 at low temperatures1 and
in EuCoO3.

2 In layered cobaltates with octahedrally co-
ordinated cobalt like in LaSrCoO4, the coexistence of HS and
LS states has been proposed.3,4 In the case of Ca3Co2O6, two
Co3+ sites are notably different being LS and HS in the CoO6

octahedra and trigonal prisms, respectively.5 Coordination
numbers below 6 will generally stabilize the HS-Co3+, as in
Sr2CoO3Cl

2 and GdBaCo2O5.5,
6 where CoO5 tetragonal pyra-

mids are present and in YBaCo4O7 with Co3+ is tetrahedra.7

In contrast to multiple examples of both LS- and HS-Co3+,
the IS state of Co3+ remains elusive. Despite multiple conjec-
tures in the recent literature,8–15 no conclusive evidence of the
presence of IS-Co3+ in oxides has been reported to date. From
the general crystal-field arguments, the stabilization of the IS
state in the octahedral coordination requires that the degener-
acy of two eg levels is removed by a suitable distortion of the
octahedral local environment, and one of the eg levels is
pushed down in energy. This kind of distortion can be found
in structures with axially elongated CoO6 octahedra.

16 Alterna-
tively, the IS state may be formed at high temperatures follow-
ing electron delocalization in the eg bands.

17

Spin states of Co3+ and relevant transformations are among
basic microscopic features of Co-based oxide materials. Many
of these compounds enjoy simultaneous presence of electronic
and oxide-ion conductivity at high temperatures, which
renders them promising materials for high-temperature elec-
trochemical devices like cathodes for intermediate tempera-
ture solid oxide fuel cells (IT-SOFC) or dense ceramic
membranes to separate oxygen from gas mixtures. One of the
main drawbacks of cobaltates is their high thermal expansion
coefficient (TEC) exceeding 20 ppm K−1 for LaCoO3.

18,19 This
large thermal expansion does not fit with that of solid electro-
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lytes in SOFC, like Zr1−xYxO2−x/2 (YSZ) and Ce1−xGdxO2−x/2

(GDC) featuring TECs of 10.5 ppm K−1 and 12.5 ppm K−1,
respectively. High TECs for cobalt-related perovskites are due
to the temperature activated LS–HS transitions of Co3+.19,20

Therefore, the knowledge of the spin state of Co3+ and the
understanding of underlying microscopic parameters are
crucial for the design of the materials operating in a wide
temperature range.

Here, we focus on Co-based brownmillerite compounds.
The brownmillerite A2B2O5 structure is a derivative of the per-
ovskite aristotype, where ordering of the oxygen vacancies
results in alternating oxygen-rich layers of BO6 octahedra and
oxygen-deficient layers of BO4 tetrahedra (Fig. 1). The BO6 octa-
hedra turn out to be axially elongated. Their equatorial oxygen
atoms link two octahedra, whereas axial oxygens are shared
between an octahedron and a tetrahedron. The tetrahedrally
coordinated Co3+ imposes a higher valence on oxygen in the
axial position, hence the separation of this oxygen from the
octahedrally coordinated B-cation must be increased, as in
Ca2FeAlO5, where the equatorial and axial (Fe/Al)–O distances
are 1.942–1.954 Å and 2.217 Å, respectively.21 This type of
local environment would be ideal for stabilizing the putative
IS-Co3+.

Co3+-containing brownmillerites are quite rare. Known
examples include Sr2Co2O5, which is stable above ∼900 °C in
air,22–26 Sr2Co2−xGaxO5 (0.3 ≤ x ≤ 0.8),27 Sr2Co2−xAlxO5 (0.3 ≤ x
≤ 0.5),28 Ca2Co1.6Ga0.4O5

29 and Ca2Co2−xAlxO5 (x ≈ 0 : 75).30

The spin state of Co3+ in these compounds has never been
probed by a direct spectroscopic experiment. Indirect infor-
mation can be obtained from the magnetic moments
measured by neutron diffraction. However, previous neutron
experiments were mostly performed at room temperature and,
therefore, revealed magnetic moments reduced by thermal
fluctuations.27,29 In addition, the interpretation of the reduced
moment in a system where Co3+ is mixed with non-magnetic

Ga3+ and Al3+ may not be straightforward. With both uncer-
tainties eliminated in Sr2Co2O5, the neutron results remain
puzzling because they reveal the magnetic moment of 3.0μB on
Co3+ ions,24 which is lower than 4μB expected for the HS state.
On the other hand, density-functional calculations24,31 and
the low TEC value24,26 indicate the HS state of Co3+ in this
compound. Recently LaxSr2−xCoGaO5+y compounds with the
brownmillerite structure and cobalt in a mixed oxidation state
between +2 and +3 were prepared.32 From magnetic suscepti-
bility data it was concluded that HS-Co3+ is present in Sr-rich
compositions, while LS-Co3+ is observed in La-rich ones.

In the following section, we explore the spin state of Co3+ in
Sr2Co1.2Ga0.8O5, which is stable in a wide temperature range
in contrast to the parent compound Sr2Co2O5.

27 We used low-
temperature neutron diffraction and soft X-ray absorption
spectroscopy as well as cluster calculations and density-func-
tional band-structure calculations in order to identify the spin
state of Co3+ ions and understand its microscopic origin.

Experimental section

A sample of Sr2Co1.2Ga0.8O5 was prepared by the procedure
described in ref. 26. The neutron powder diffraction data at
T = 2 K were collected in LLB-Saclay (France) by using a
7-sectional, 70-counter G4.2 high-resolution diffractometer (λ =
2.3433 Å from 3° to 143°). The refinement of the nuclear and
magnetic structures was done using the GSAS suite of
programs.33

High-temperature X-ray powder diffraction (HT XRPD) data
were collected in air at 298–973 K using a Bruker D8-Advance
diffractometer (CuKα1 radiation, LynxEye PSD) in reflection
mode equipped with a high-temperature camera XRK-900
(Anton Paar). Unit cell parameters of Sr2Co1.2Ga0.8O5 at high
temperatures were obtained from the refinement of their
crystal structures by the Rietveld method using the TOPAS-3
program package.

The soft X-ray absorption spectroscopy (XAS) was performed
at the BL11A beamlines of the National Synchrotron Radiation
Research Centre (NSRRC) in Taiwan. The Co-L2,3 spectra were
recorded in the total electron yield (TEY) mode with the
photon energy resolution of 0.3 eV. Clean sample surfaces
were obtained by cutting pellets in situ just before collecting
the data in an ultrahigh vacuum chamber with the pressure
in the range of 10−10 mbar. A CoO single crystal was also
measured simultaneously to serve as an absolute energy
calibration.

The band structure for ordered structural models of
Sr2Co1.2Ga0.8O5 was calculated using the FPLO code34 with the
Perdew–Wang flavour of the exchange–correlation potential.35

Orbital energies were extracted by fitting relevant bands with
Wannier functions based on Co 3d orbitals.

Results and discussion

The refinement of the crystal structure of Sr2Co1.2Ga0.8O5

using NPD data collected at T = 2 K was performed using a

Fig. 1 The crystal structure of brownmillerite-like cobaltate
Sr2Co1.2Ga0.8O5 (A).27 Octahedral sites are mainly occupied by Co3+,
tetrahedral sites by Ga3+ cations. Interatomic distances in octahedron
and tetrahedron (B) from ref. 27 are given in order to stress large
distortion of CoO6 octahedra in the structure.
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structure model (space group Icmm) that assumes disordered
orientation of tetrahedral chains in oxygen-deficient layers.27

The magnetic structure was refined in the model corres-
ponding to the G-type arrangement of magnetic moments of
Co3+, with moments directed along the c-axis of the brown-
millerite structure (magnetic space group Icm′m′). Occupancies
of Co/Ga positions were measured from the refinement of the
crystal structure of Sr2Co1.2Ga0.8O5 at room temperature27 and
were not refined (the same sample was used for both room-
temperature refinement in ref. 27 and the present low-tem-
perature experiment). It should be noted that the refined com-
position of the brownmillerite phase in the Sr2Co1.2Ga0.8O5

sample in ref. 27 was slightly different from the nominal one
and corresponds to the chemical formula Sr2Co1.3Ga0.7O5. The
final structural and refinement data are given in Table 1,
selected interatomic distances are presented in Table 2, and
observed, calculated and difference NPD profiles are shown in
Fig. 2. Considering the static disorder of atoms in the tetra-
hedral layer and the presence of non-magnetic Ga3+ cations,
during the final refinement the magnetic moment of cobalt on
the M2 tetrahedral site was set at 4μB, as expected for HS-Co3+,
because at the tetrahedral site only HS-Co3+ can be envi-
saged.10 The refined magnetic moment of cobalt on the octa-
hedral M1 site is 3.36(7)μB per site. Note that the simultaneous
refinement of the magnetic moments of cobalt on the octa-
hedral M1 and tetrahedral M2 sites does not lead to the sub-
stantial deviation from this value. Therefore, the calculated
magnetic moment of Co3+ at the octahedral site is 3.82(7)μB
per cobalt indicating the HS state of Co3+ at low temperatures.

HT XRPD showed that Sr2Co1.2Ga0.8O5 expands linearly
(Fig. 3) with TECs 9.2, 21.3 and 11.6 ppm K−1 for individual
unit cell parameters a, b and c, respectively. The linear TEC
value calculated from the temperature dependence of unit cell
volume (V1/3) is 13.1 ppm K−1. This value is much lower in
comparison with other perovskite-related oxides with Co3+-like
LaCoO3. For example, LaCoO3 exhibits as high TEC as
24.6 ppm K−1 (calculated using structural data from ref. 36) in
the temperature range of 300–650 K, where no appreciable
chemical expansion due to oxygen loss is observed.
Therefore the presence of HS-Co3+ in the crystal structure of
Sr2Co1.2Ga0.8O5 helps us to avoid temperature induced LS–HS
transition and resulted in substantial decrease of TEC.

To assess the orbital energies in the axially distorted
CoO6 octahedra, we performed band-structure calculations
for ordered structural models. The crystal structure of
Sr2Co1.2Ga0.8O5 entails two types of disorders: (i) random posi-
tions of the O3 atoms on the 8i site with half occupancy (dis-
ordered arrangement of the tetrahedral chains); and (ii)
mixing of Co and Ga on the tetrahedral and octahedral sites.
Regarding the O3 atoms, we used different ordered structures
with lower symmetries and found that the ordering of the O3

Table 2 Selected interatomic distances (in Å) for Sr2Co1.2Ga0.8O5

(T = 2 K)

O1–M1: (×4) 1.9591(4)
O2–M1: (×2) 2.257(6)
O2–M2: (×2) 1.829(8)
O3–M2: — 1.88(2)

— 1.85(1)
Sr–O1: (×2) 2.600(7)

(×2) 2.647(7)
Sr–O2: — 2.513(8)

(×2) 2.78(1)
Sr–O3: (×2) 2.438(9)

Fig. 3 Temperature variation of the unit cell parameters for
Sr2Co1.2Ga0.8O5.

Table 1 Structural parameters for Sr2Co1.2Ga0.8O5 based on the refine-
ment of NPD data at 2 K (S.G. Icmm, a = 5.6148(6) Å, b = 15.702(2) Å, c =
5.4543(6) Å; Rwp = 0.0339, Rp = 0.0443, χ2 = 0.775)

Site x y z g (Co/Ga) Uiso 100 (Å2)

Sr 0.012(1) 0.1111(3) 0.5 1.0 1.2(2)
M1a 0.0 0.0 0.0 0.88/0.12b 0.3(3)
M2a −0.073(2) 0.25 0.037(3) 0.21/0.29b 0.3(3)
O1 0.25 −0.0058(5) 0.25 1.0 1.8(2)
O2 0.049(1) 0.1426(4) 0.0 1.0 1.5(2)
O3 0.862(2) 0.25 0.625(2) 0.5 2.8(6)

aMagnetic moments are M1 = 3.36(7)μB and M2 = 1.7μB (fixed).
b Refined chemical composition of the brownmillerite phase is
Sr2Co1.3Ga0.7O5.

27
Fig. 2 Observed, calculated and difference NPD profiles for
Sr2Co1.2Ga0.8O5 (T = 2 K).
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atoms has little influence on the orbital energies at the octa-
hedral site. Regarding the Co/Ga disorder, both “Sr2Co2O5”

(Co3+ in both octahedral and tetrahedral positions) and
“Sr2CoGaO5” (Co3+ in the octahedra, Ga3+ in the tetrahedra)
models were considered and they produced very similar orbital
energies that differed by less than 0.01 eV.

The one-electron orbital levels in Sr2Co1.2Ga0.8O5 are shown
in Fig. 4. The axial distortion has moderate influence on the
t2g levels (xy, yz, xz) that are split by about 0.14 eV, with the
xy level lying higher in energy. On the other hand, the two
eg levels are split by nearly 1 eV, with the 3z2 − r2 orbital being
substantially more favourable than its x2 − y2 counterpart.
These results follow the anticipated crystal-field picture that
assumes lower energies for the yz, xz and 3z2 − r2 orbitals
because of the increased Co–O distances along z.

To probe directly the valence and spin states of the Co ions
in Sr2Co1.2Ga0.8O5, we performed XAS measurements at the
Co-L2,3 edge. The Co (2p→3d) transitions at the Co-L2,3 edges
involve directly the relevant valence shell and are extremely
sensitive to the charge and spin states.1,2,5,37

Fig. 5 shows the experimental Co-L2,3 XAS spectrum of (d)
Sr2Co1.2Ga0.8O5 (black line) together with (a) CoO, (b) EuCoO3

and (c) Sr2CoO3Cl (magenta line) as references for HS-Co2+,
LS-Co3+, and HS-Co3+, respectively. The Co spectra of different
valences show distinct multiplet structures at different absol-
ute energies. While the main peak for CoO lies at around
779 eV, the main peak for both Co3+ compounds lies at
780.6 eV. This is consistent with the generally accepted notion
that the increase in the valence state (from Co2+ to Co3+, for
example) typically results in the shift of the L2,3 XAS spectra to
higher energies by 1 eV or more.5,37 Also note that the lowest
energy peak at 777.8 eV is characteristic for octahedrally co-
ordinated Co2+ as it lies well below in energy than any features
of Co3+ or Co4+.38

From Fig. 5 one can see that the Sr2Co1.2Ga0.8O5 spectrum
lies at the same energy as both HS- and LS-Co3+ reference
spectra and shows no spectral structure at 777.8 eV (feature A),
indicating the absence of Co2+ ions. Therefore, the Co-L2,3 XAS
results establish that all Co ions are in a trivalent state in
Sr2Co1.2Ga0.8O5. Moreover, oxides with the different spin states
of Co3+ show different spectral structures, as follows: (1) at the
Co-L3 edge, the LS-EuCoO3 spectrum has the pronounced
higher energy shoulder D above the main peak C (Fig. 5),
whereas the HS-Sr2CoO3Cl spectrum has the lower energy
shoulder B below the main peak C at 780.6 eV. (2) At the L2

edge, the LS-EuCoO3 spectrum has a rather sharp main peak
E at 795 eV with a high-energy shoulder, while the
HS-Sr2CoO3Cl spectrum shows a weak main peak. (3) The
HS-Co3+ in Sr2CoO3Cl shows a large I(L3)/I(L2) branching ratio
as compared with the LS-Co3+ in EuCoO3.

Focusing now on the Sr2Co1.2Ga0.8O5 spectrum, one can
clearly observe the low-energy shoulder below the main
peak at the Co-L3 edge and no sharp peak E at the Co-L2 edge.
Overall spectral features are very similar to those of
HS-Sr2CoO3Cl, thus strongly hinting towards the HS-Co3+ state.
However, the main peak (low energy shoulder) at the Co-L3
edge in the Sr2Co1.2Ga0.8O5 spectrum has a slightly larger
(lower) spectral weight than that in the Sr2CoO3Cl spectrum.
To understand this difference, we have simulated the experi-
mental Sr2Co1.2Ga0.8O5 spectrum using the configuration–
interaction cluster model that includes the full atomic multi-
plet theory and the hybridization with the O 2p ligands.39 For
this we use parameter values typical for HS-Co3+ in octahedral1

and tetrahedral coordinations.7 The Co 3d to O 2p transfer
integrals were adapted for the Co–O bond lengths according to
Harrison’s description.40 The model calculations were done
using the XTLS 9.0 code.39,41 In the analysis, we considered
the amounts of Co3+ in the octahedral and tetrahedral

Fig. 5 Co L2,3 edge spectra of references are (a) CoO (Co2+), (b)
EuCoO3 (Co

3+ LS, from ref. 2), and (c) Sr2CoO3Cl (Co
3+ HS magenta line,

from ref. 2), Sr2Co1.2Ga0.8O5 (black line) and curve (d) shows the experi-
mental spectrum (black line) of Sr2Co1.2Ga0.8O5 in comparison with the
simulation with HS Co3+ (red line).

Fig. 4 Orbital energies (in eV) for Sr2Co1.2Ga0.8O5. The Fermi level is at
zero energy.
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positions of the brownmillerite structure as calculated from
the results of the NPD data refinement. It follows that 32.3%
of the total amount of Co3+ is located in tetrahedral and 67.7%
in octahedral sites of the crystal structure. One can observe
from Fig. 5(d) that all experimental (black line) spectral struc-
tures at both the Co-L2 and Co-L3 edges were well reproduced
by the theoretical simulation (red line) with a ratio of 32.3%
CoTd

3+ (blue line) and 67.7% CoOct
3+ (green line), both in the

HS state. The slightly larger spectral weight of the main peak
in Sr2Co1.2Ga0.8O5, as compared with that in Sr2CoO3Cl, is
attributed to the 32.3% tetrahedral HS-Co3+ ions in the former.
Tetrahedral HS-Co3+ ions display a very weak lower energy
shoulder below the L3 main peak.7

Therefore, both low-temperature NPD and XAS studies
show the presence of Co3+ in the HS ground state at both octa-
hedral and tetrahedral sites in the Sr2Co1.2Ga0.8O5 brown-
millerite. Stabilization of the HS-Co3+ in octahedra seems to have
resulted from long Co–O distances in the crystal structure,
which in turn occurs due to the presence of large A-cation like
Sr2+. However, the HS state observed in Sr2Co1.2Ga0.8O5 is not a
trivial result considering the large tetragonal distortion of the
CoO6 octahedron, as confirmed by the structure refinement at
2 K (1.9591(4) Å for Co–Oeq and 2.257(6) Å for Co–Oax). In this
case, one would anticipate the formation of the IS state.9,10,16

For example, in LaCoO3 with its LS state of Co3+ at low tem-
peratures, d(Co–O) at 5 K is 1.925 Å and approaching 1.962 Å
only at 1000 K.36 The octahedral distortion in Sr2Co1.2Ga0.8O5

defined as the difference between the axial and equatorial
bond lengths normalized by their average is 0.14. This value is
much larger in comparison with ∼0.06 reported in ref. 16 for
LaCoO3, where the presence of IS-Co3+ is claimed. It should be
mentioned that in Sr3YCo4O10.76 with a layered structure and a
similar octahedral distortion of 0.062 (1.913(3) Å for Co–Oeq

and 2.035(6) Å for Co–Oax at 14 K), the refined magnetic
moment of octahedrally coordinated cobalt ions (∼1.2μB at
14 K) indicates the mixture of HS- and LS-Co3+.42

The distortions of the CoO6 octahedra can also be con-
sidered from the microscopic perspective. To this end, we
compare the orbital energies in Sr2Co1.2Ga0.8O5 to those in
LaCoO3. The trigonal distortion in the latter compound
imposes a weak splitting of the three t2g levels into the a1g
singlet and eg′ doublet. The effective octahedral crystal-field
splitting Δo calculated as the energy difference between the eg
levels and the center of gravity of a1g and eg′ is 1.45 eV. In con-
trast, we find the much lower Δo = 1.03 eV in Sr2Co1.2Ga0.8O5.
This difference can also be seen as a large reduction in the 3z2

− r2 energy with a very little change in the x2 − y2 energy upon
the axial elongation of the CoO6 octahedron. The IS-Co3+

requires that no electrons occupy the x2 − y2 state, but the
energy of this state is probably not high enough to render it
energetically unfavourable. Altogether, orbital energies of Co3+

in the axially elongated CoO6 octahedra are such that the
HS-Co3+ is formed instead of IS-Co3+, and even the combi-
nation of the LS- and HS-states, as proposed for LaSrCoO4,

4

turns out to be more favourable than the IS-Co3+ state. The
stabilization of the IS state requires that not only the energy of

the 3z2 − r2 orbital is reduced, but also the energy of the
x2 − y2 orbital is increased substantially. However, this may be
difficult to achieve in real crystals because of the bond
valences and other crystallo-chemical constrains.

Conclusions

In conclusion, the NPD study of the brownmillerite-like cobal-
tate Sr2Co1.2Ga0.8O5 at 2 K shows large interatomic distances
in the highly distorted CoO6 octahedron with 1.9591(4) Å and
2.257(6) Å for equatorial and axial Co–O bonds, respectively.
Together with the value of 3.82(7)μB for the refined magnetic
moment of Co3+ at the octahedral site, this indicates the pres-
ence of HS-Co3+. The detailed analysis of the spectral struc-
tures in the soft XAS study of Sr2Co1.2Ga0.8O5 at the both Co-L2
and Co-L3 edges unambiguously shows that the large tetra-
gonal distortion of the CoO6 octahedron does not stabilize an
IS-Co3+ state as often suggested, but rather keeps the Co3+ ions
in the HS state. The presence of large A-cations in perovskite-
like oxides resulted in large Co–O interatomic distances and
may lead to the suppression of the LS ground state of Co3+ and
results in drastically decreased TEC. This can help in the
design of cobalt-based cathode materials for SOFC with TEC
close to solid electrolytes like YSZ and GDC.
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