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Abstract. The electronic structure of strontium ferrite Sr3Fe2O6 was calculated using the tight-binding
linear muffin-tin orbital method (TB LMTO) in the local spin density approximation of density functional
theory with Coulomb correlations correction (LSDA+U). The semiconducting character of the spectrum
with charge transfer energy gap of 1.82 eV was obtained in reasonably good agreement with experimental
data. The iron ions are found to be in the high spin state. The calculated value of the local spin magnetic
moment of Fe3+ ion is 3.94 µB which is not typical for trivalent iron ion in the high spin state. It is shown
that the strong hybridization between Fe3d and O2p orbitals favors the d6L configuration of Fe3+ ion,
where L is a hole in the oxygen p shell. The mechanism of oxygen transport in ferrite is discussed basing
on the total energy calculations of the different spatial configurations of oxygen vacancies.

PACS. 71.20.-b Electron density of states and band structure of crystalline solids – 71.27.+a Strongly
correlated electron systems; heavy fermions – 72.10.-d Theory of electronic transport; scattering
mechanisms – 75.25.+z Spin arrangements in magnetically ordered materials (including neutron and
spin-polarized electron studies, synchrotron-source X-ray scattering, etc.)

1 Introduction

The strontium ferrites Sr3Fe2O6+δ with Ruddlesden-
Popper type structure are promising materials for a num-
ber of applications [1,2]. The oxygen deficiency δ signif-
icantly affects their transport [3–6] and magnetic [6–10]
properties. It is known [3,4,6] that Sr3Fe2O7 compound
is a semiconductor with thermally activated carriers
at T < 340 K. The oxygen-deficient Sr3Fe2O6+δ and
titania-doped derivatives Sr3Fe2−xTixO6+δ are mixed ion-
electron conductors. They have an energy gap of 2.3 eV,
while the activation energy for mobility of both holes
and electrons is small [5]. It is known that Sr3Fe2O7,
Sr3Fe2O6.5 and Sr3Fe2O6 are antiferromagnets with Nèel
temperature TN = 120 K, 150 K and 550 K, respec-
tively [7–9]. The values of effective magnetic moments
derived from the Curie-Weiss susceptibility are equal to
4.3 µB and 5.3 µB for Sr3Fe2O7 [6,10] and to 4.39 µB

for Sr3Fe2O6.5 [8]. Also the details of long-range magnetic
order in these compounds are not yet understood com-
pletely. While Sr3Fe2O6+δ compounds with δ = 0 and 0.5
have the spin directions parallel to c axis and magnetic
unit cell of

√
2a × √

2a × c dimensions [8], for Sr3Fe2O7

ferrite the spin direction is not parallel to c axis (helical
spin structure) and though the size of the real magnetic
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unit cell is not found exactly. It is suggested in work [6,8]
that it is larger than 2a × 2a × 4c.

The electronic structure of Sr3Fe2O6+δ is also studied
insufficiently. The analysis of X-ray photoelectron spectra
with the using of standard cluster model calculations [11]
shows that Sr3Fe2O7 compound is in negative charge-
transfer regime of band gap formation. This band gap is
of p-p type. The ground state is dominated by d5L con-
figuration (L denotes a p hole in the oxygen band) of
Fe4+ ions. Any information about electronic structure of
oxygen-deficient (δ = 0, 0.5) strontium ferrites, as to our
knowledge, is absent. The purpose of this work was to
study the electronic structure features in the end mem-
ber Sr3Fe2O6 of this series in order to gain understanding
of the physical and chemical properties of the ferrite. For
this goal we used self-consistent band structure calcula-
tions within the LSDA+U approach.

2 Crystal structure and calculation details

Sr3Fe2O6+δ is known to crystallize with a Ruddlesden-
Popper type structure, which is characterized by a two
dimensional network of FeO6 octahedra. The Sr3Fe2O7,
Sr3Fe2O6.5, and Sr3Fe2O6 compounds are isostructural
with oxygen systematically removed from a site linking
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Table 1. Refined atomic parameters for Sr3Fe2O6 at room
temperature. In the last column, n is site occupancy [12].

Atom Site x/a y/b z/c n

Sr(1) 2b 0 0 1/2 1.0

Sr(2) 4e 0 0 0.3193 1.0

Fe 4e 0 0 0.1022 1.0

O(1) 8g 0 1/2 0.0843 1.0

O(2) 4e 0 0 0.1963 1.0

O(3) 2a 0 0 0 0.0

together the FeO6 octahedra in double layers. The crys-
tal structure of Sr3Fe2O6 is tetragonal (I4/mmm space
group, No. 139) with a = 3.8940 Å, c = 20.0396 Å [12]).
The atomic positions used in calculations are given in Ta-
ble 1. The O(3) type oxygen linking octahedra in c direc-
tion is absent in Sr3Fe2O6. Within each layer every Fe3+

atom is connected to four O(1) atoms and one O(2) type
oxygen, Figure 1. The iron ion in Sr3Fe2O6 has a square
pyramidal coordination. The equatorial bond lengths, Fe-
O(1), are 1.979 Å and the axial bonds, Fe-O(2), are equal
to 1.885 Å.

The electronic structure calculations were carried out
with the using of the LSDA+U (local spin density approx-
imation of density functional theory with Coulomb corre-
lations correction) approach [13] within the tight-binding
linear muffin-tin orbital method in the atomic sphere ap-
proximation (TB LMTO ASA) [14]. The Sr6Fe4O12V2E36

supercell was used in calculations, where V denotes an
empty sphere (vacancy) in the position of oxygen site O(3)
and E is an additional empty sphere. The E spheres were
placed into the vacant positions of the lattice because the
TB LMTO ASA method was developed for close-packed
crystal structures. The basis set of atomic orbitals in-
cluded 2s, 2p, 3d orbitals of O, 4s, 4p, 3d states of Fe, 5s,
5p, 4d, 4f states of Sr, and 1s, 2p orbitals of V and E. The
radius ratios rFe/rO and rSr/rO were 1.0 and 1.52, respec-
tively with rO = 2.1 a.u. The parameters of Coulomb U
and exchange J interactions for localized Fe 3d electrons
were chosen after work [15] to be U = 5 eV and J = 1 eV.

The potentials for the various localized d orbitals of
Fe are different in the LSDA+U approach. Therefore, it
is not obvious a priori what will be the final symmetry of
the solution. Keeping the symmetry during the LSDA+U
calculation as high as for the crystal structure, one can
fail to detect some (e.g. orbital ordered) solutions. More-
over, in comparison with conventional LSDA approach in
which the final magnetic solution, if exists, is unique owing
to the same average potential of localized d orbitals, the
number of stable magnetic solutions within the LSDA+U
approach is not obvious a priori also. Thus, based on the
using of appropriate symmetry it is necessary to study the
stability of solutions with Fe ions in all possible different
spin states including the coexistence of these different spin
states in one configuration.

The spin-polarized calculations of strontium ferrite
were performed for A, C, and G-type antiferromagnetic

Fig. 1. The crystal structure fragment for Sr3Fe2O6. Iron
cations Fe1 and Fe2 have oppositely directed spins in the
G type AFM structure.

(AFM) orderings of Fe spins in conventional LSDA ap-
proach. The type of antiferromagnetic odering is associ-
ated with the difference of the spin arrangements between
Fe atoms of inter and intra layers. A-type AFM ordering
of Fe spins corresponds to ferromagnetic ordering in lay-
ers and antiferromagnetic ordering between them. C-type
AFM consists of the antiferromagnetic layers with ferro-
magnetic ordering between the layers. G-AFM ordering
characterizes antiferromagnetic interactions between Fe
spin of inter and intra layers. The studies of Sr3Fe2O6

(G-AFM) compound were carried out in the LSDA+U
approximation because this type of AFM order is most
energetically favorable in the LSDA and, moreover, just
this type corresponds to experimentally determined mag-
netic unit cell of

√
2a×√

2a×c dimensions [8]. In addition,
the total energies of Sr3Fe2O6 (G-AFM) compounds with
different spatial configurations of point defects, such as
anti-Frenkel pairs (AFP) and oxygen vacancies, were cal-
culated for understanding the mechanism underlying oxy-
gen transport in the ferrite. The AFP formation energy
was defined as the total energy difference between two
crystal configurations. One configuration corresponded to
the ideal structure of Sr3Fe2O6 with two VO(3) vacan-
cies, another did to the defect structure with VO(1) or
VO(2) and VO(3) vacancies. All calculations were per-
formed for the lattice without relaxation. The relaxation
energy (usually about tens of electron-volts) is smaller
then the AFP energy, so probably the lattice relaxation
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Fig. 2. The total and partial densities of states obtained in
LSDA calculations.

effects will not change the quantative results considerably.
The criterion of convergence for total energy calculations
was 5 × 10−6 eV per supercell.

3 Results and discussion

3.1 Electronic structure and magnetic properties

The LSDA calculations result in a metallic type of the
electronic structure for A-type AFM order with the den-
sity of states n(EF ) = 4.3 states/(eV·formula unit (f.u.))
at the Fermi level. Similar calculations for C-AFM and
G-AFM types of magnetic ordering give a semiconductor
type electronic structure with the energy gaps of 0.60 eV
and 0.64 eV, respectively. The obtained spin magnetic mo-
ments of Fe3d ions for different types AFM orders are close
to 3.3 µB. The analysis of the total energy per formula
unit in Sr3Fe2O6 with A, C, and G-types of AFM struc-
ture shows that the G-type is the most stable. The energy
value for G-AFM structure is 0.96 eV/f.u. lower than that
for A-AFM order and 1.2 meV/f.u. lower than the total
energy for C-type of AFM order in Sr3Fe2O6. As an exam-
ple, the total and partial densities of states in Sr3Fe2O6

with G-type of AFM structure are shown in Figure 2. The
states near the Fermi level originate mainly from Fe3d
states with the admixture of 2p oxygen states. The spin-
polarized calculations give an underestimated value for the
energy gap (0.64 eV) in comparison with the experimental
one (2.3 eV [5]).
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Fig. 3. The total and partial densities of states obtained in
LSDA+U calculations with Fe in the high spin state.

The calculations of the electronic structure of
Sr3Fe2O6 were also carried out by means of the LSDA+U
approximation where strong electron-electron correlations
were taken into account. This enabled us to obtain the en-
ergy gap and other features of the electronic spectrum in
more reasonable correspondence with experimental data.
As it was mentioned above, the G-type AFM structure is
the only satisfying the condition of experimentally deter-
mined magnetic superstructure [8]. At the same time, the
LSDA total energy value of the C-type AFM order of Fe
spins is close to that of the G-type. We have calculated
the electronic structure for both C- and G-types of AFM
order with Fe ions in high spin configuration within the
LSDA+U approximation. The total energy for the G-type
is calculated to be 4.7 meV/(f.u.) lower than that for the
C-type. Thus, the LSDA+U results duplicate the con-
clusion about the most stable magnetic ordering of the
G-type obtained in frames of the LSDA approach, and
further we will describe the results corresponding just for
the G-type AFM structure.

We found three stable magnetic solutions for Sr3Fe2O6

with the G-type AFM order corresponding to the low spin
(LS), intermediate spin (IS) and high spin (HS) states of
Fe3+ ion. The total and partial densities of states for dif-
ferent spin states of iron are shown in Figures 3–5, the de-
tailed information about calculation results — in Table 2.
The semiconductor type electronic structure is obtained
for all the solutions. However, variations are observable in
the electronic structure of Sr3Fe2O6 at changes of the Fe
ion spin state.
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Table 2. Various spin states of Fe3+ ion, calculated occupancies of various d orbitals, magnetic moments, energy gaps and total
energy differencies (δ) relative to high spin state configuration in Sr3Fe2O6.

Spin d-occupancies µd−Fe Energy δ

state xy yz zx 3z2 − r2 x2 − y2 total (µB) gap (eV) (eV/f.u.)

HS
↑
↓

0.96

0.08

0.97

0.13

0.97

0.13

0.94

0.24

0.97

0.29
5.68 3.94 1.82

IS
↑
↓

0.95

0.93

0.96

0.10

0.96

0.10

0.94

0.26

0.39

0.23
5.82 2.58 0.91 1.20

LS
↑
↓

0.94

0.08

0.94

0.93

0.94

0.93

0.31

0.22

0.34

0.27
5.90 1.04 0.72 1.82
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Fig. 4. The total and partial densities of states obtained in
LSDA+U calculations with Fe in the intermediate spin state.

The three bands may be seen in electronic spectrum of
the HS solution, Figure 3. The low energy band at –6.3 eV
consists mainly of Fe3d states. The wide valence band in
the interval from –5.3 eV to 0 eV is composed by hy-
bridized O2p-Fe3d states with admixture of 5s, 5p, and
4f states of Sr. The bottom of the conduction band is
built mainly of Fe3d states. The lowest Fe3d band that
is well separated from other bands in the HS solution
now interflows with the valence band in the IS and LS
solutions for Sr3Fe2O6, Figures 4, 5. The energy gap de-
creases at transition from the HS to the LS state. The
HS solution has the largest value of the energy gap of
1.82 eV. This value agrees reasonably well with the exper-
imental one. It is a charge transfer energy gap (according
to the Zaanen-Sawatzky-Allen classification scheme [16]),
which separates the occupied valence O2p-like band from
the empty conduction Fe3d -like band. The charge transfer
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Fig. 5. The total and partial densities of states obtained in
LSDA+U calculations with Fe in the low spin state.

type energy gap is also observed for the IS state of iron.
At the same time, the energy gap calculated for the LS
state of Fe is of Mott-Hubbard type. In this case the en-
ergy gap separates the top of the valence band composed
essentially by Fe3d states and the empty Fe3d -like con-
duction band, Figure 5. The total energy of HS state is
1.20 eV/f.u. and 1.82 eV/f.u. smaller than that of the IS
and LS states, respectively. Thus, the HS state is energet-
ically most favorable for Sr3Fe2O6.

The analysis of the occupation matrix of iron obtained
in the LSDA+U calculations for HS state (Tab. 2) results
in the following features i) the value of the local spin mag-
netic moment of iron is equal to 3.94 µB; ii) the Fe3d
states have t3↑2ge

2↑
g e1↓

g configuration; iii) the occupation of
Fe3d shell is 5.7 e, which is not typical for trivalent ion
of iron. In the ionic model the HS state of Fe3+ ion is
described as t3↑2ge

2↑
g configuration with the spin value of
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Fig. 6. The schematic representation of Fe d5 + d6L configu-
rations in the high (a), intermediate (b) and low (c) spin states.
The open circle denotes a hole in the oxygen 2p state.

S = 5/2 (spin magnetic moment µFe = 5 µB), left side of
Figure 6a. However, the strong hybridization of Fe3d or-
bitals with oxygen 2p orbitals, which is typical for stron-
tium ferrites [11], can renormalize significantly this ionic
value of the spin. In this case the electron with opposite
spin could pass from oxygen p orbital to the empty eg

orbital of Fe, right side of Figure 6a. The O(2) p orbitals
form σ bonds with eg type orbitals and π bonds with t2g

orbitals of iron in FeO5 square pyramids, thus making eas-
ier the transition of electrons from O(2) p orbital to Fe eg

orbital. Such argumentation is fully supported by numer-
ical data of orbital occupancies calculated for HS solution
(Tab. 2). This transfer allows one to explain the existence
the HS trivalent iron with the spin magnetic moment close
to 4 µB . In a configuration-interaction language used in
the cluster calculations, the HS state can be described as
d5 + d6L, where L denotes a hole on the oxygen, with
domination of d6L states.

The removal of the O(3) oxygen atoms linking iron-
oxygen octahedra along c axis strongly influences the
exchange magnetic interactions between iron ions in
Sr3Fe2O6. Following prescription of work [17], we com-
puted the Heisenberg model exchange interaction param-
eters between nearest Fe ions in ab plane and nearest
Fe ions belonging to the different planes in c direction.
For the HS solution, the in-plane constant Jab is equal
to 109.5 meV, while the inter-plane constant Jc achieves
only 9.5 meV; both of them correspond to antiferromag-
netic interaction.

The Fe ion in the IS state in our calculations, Figure 4,
has the spin magnetic moment value µFe = 2.58 µB , and
the occupancy of Fe3d shell is equal to 5.8 e. This result
can be compared with d5 + d6L configuration with prac-
tically equal contributions from both states, Figure 6b.

The spin magnetic moment for the LS state, Figure 5,
is 1.04 µB, which corresponds to d5 configuration with a
very small admixture of d6L states, Figure 6c. The con-
tribution from d6L configuration is confirmed by a small
negative spin moment on O2p shell, which is calculated to
be opposite to the moments on Fe3d shell.

During the calculations we tried to find both the charge
or orbital order of Fe ions and the coexistence of Fe ions in
the different spin states. Our attempts were unsuccessful.
Only three stable solutions for strontium ferrite Sr3Fe2O6

Table 3. The total energy difference (relative to the energy of
the configuration b in Fig. 7) for different mutual positions
of two oxygen vacancies in Sr3Fe2O6. d is the distance between
the vacancies. The supercell under consideration consisted of 2
formula units.

Configuration Part of Figure 7 d, Å ∆E, eV/supercell

VO(3)–VO(1) b 2.578 0.00

VO(3)–VO(2) c 3.934 2.04

VO(1)–VO(1) d 3.378 0.14

VO(1)–VO(1) e 4.358 0.36

VO(1)–VO(1) f 5.155 0.60

VO(1)–VO(2) g 5.951 3.96

VO(1)–VO(1) h 2.753 1.80

VO(1)–VO(1) i 3.893 0.84

VO(1)–VO(2) j 2.971 4.28

were found in frames of the LSDA+U approach as de-
scribed above.

3.2 Transport properties

The Sr3Fe2O6 compound is mixed oxygen-ion and electron
conductor with the oxygen-ion conductivity level achiev-
ing 0.06 S/cm at high temperatures. It is suggested in
work [5] that the mechanism underlying oxygen ion trans-
port is related to the temperature driven position ex-
change of oxygen vacancies in O(3) sites and oxygen an-
ions in either O(1) or O(2) sites. The mechanism of the
oxygen transport in Sr3Fe2O6 can be presented in analogy
to that in Sr3Fe2O5 [18]. According to this mechanism, the
O(1), O(2) oxygen atoms in Sr3Fe2O6 can be transferred
at heating to the empty O(3) sites. This corresponds to
the formation of anti-Frenkel pairs (AFP) in the reactions:

VO(3) + O(1) = O(3)i + VO(1) (1)
VO(3) + O(2) = O(3)i + VO(2) (2)

where O(3)i, VO(1), VO(2), and VO(3) are the intersti-
tial oxygen and oxygen vacancies, respectively. Then the
transfer of the generated oxygen vacancies to O(1), O(2)
sites is possible. In order to probe the viability of this
disordering, we carried out the LSDA+U calculations for
several possible configurations, Figure 7, of two oxygen
vacancies in G-AFM ordered Sr3Fe2O6.

Figure 7 illustrates the fragments of the ideal a and
defect structures with the AFP: interstitial oxygen O(3)i

and oxygen vacancy VO(1) for the configuration b or VO(2)

for the configuration c. Configurations b and c correspond
to the presented above the anti-Frenkel disordering reac-
tions (1) and (2), respectively. The AFP formation en-
ergies for the reactions are calculated to be 2.8 eV and
4.8 eV. Therefore, the anti-Frenkel disordering via reac-
tion (1) is energetically most favorable.

The distribution of the generated oxygen VO(1) vacan-
cies over O(1) and O(2) sites was also investigated. The
total energy differences (relative to the energy of the con-
figuration b) for all kinds of configurations are given in
Table 3.
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Fig. 7. The fragment of the double layers of FeO5 pyramids with two oxygen vacancies on O(3), on O(1) or on O(2) sites
for ideal (a) and defect configurations (b)–(j). Iron atoms are depicted as black dots surrounded by grey balls of oxygen ions.
Strontium atoms are not shown.

Four configurations (from d to g) correspond to the
mutual position of two oxygen vacancies in the near-ne-
igh-bour layers in the perovskite block. Configurations d–f
have two oxygen vacancies on O(1) sites. The VO(1)–VO(1)

distance is increased at transition from the configuration d
to the configuration f. Configuration g consists of one oxy-
gen vacancy on O(1) site and another one on O(2) site at
the distance of 5.951 Å. The calculation results for these
configurations (Tab. 3) show that: i) the total energy dif-
ference, ∆E, for the configurations d–f increases with the
VO(1)–VO(1) distance, i.e. the configuration d is energeti-
cally more favorable; ii) the ∆E for the configuration d–f
does not exceed 0.46 eV per supercell; iii) the configura-
tions d–f with the oxygen vacancies distributed over O(1)
sites are more preferable than the configuration g with
VO(2) vacancy. Thus, the transfer of the oxygen vacancies
via O(1) sites is energetically most favorable.

The three hypothetical configurations h–j of oxygen
vacancies in the same layer of Sr3Fe2O6 block were calcu-
lated. Configurations h and i contain two oxygen vacancies
of the same type VO(1) and differ from each other by the
VO(1)–VO(1) distance. The distance increases from 2.75 Å
for the configuration h to 3.89 Å for the configuration i
(Tab. 3). The configuration j has two oxygen vacancies
VO(1) and VO(2) of different types. It is seen from Table 3
that the total energy difference for the configurations h
and i is more than two times smaller than that for the
configuration j, i.e. the first two configurations are more
energetically favorable. The energy difference between the
configurations h and i achieves of about 1 eV (Tab. 3).
This fact gives evidence to the attraction between the oxy-
gen vacancies at a short distance.

Thus, the calculation results show that the configu-
rations with oxygen vacancies disordered over O(3) or
O(1) sites are most energetically favorable (the configura-
tions b, d–f). The analysis of calculations allows to suggest

that i) the oxygen transport is most preferable through the
vacant VO(1) sites after formation of anti-Frenkel pairs and
ii) the ion transport in the strontium ferrite is triggered by
the position exchange of oxygen ions and oxygen vacancies
through O(1) sites. However, the AFP formation energies
obtained in our calculations could be considered as prob-
ably uppur bounds, since any lattice relaxation was out of
our current consideration.

4 Conclusions

The electronic structure and magnetic properties of stron-
tium ferrite Sr3Fe2O6 were calculated with the use of TB
LMTO ASA band structure method in the LSDA+U ap-
proximation. The calculations show that the HS state of
trivalent Fe ion with unusual spin magnetic moment of
3.94 µB is the most stable. The strong hybridization of
Fe3d -O2p orbitals results in suppression of the magnetic
moments of Fe ions to ∼4 µB. The HS state of trivalent
iron can be described as a mixture of d5 and d6L config-
urations with prevalence of the last one. The calculated
charge transfer gap in Sr3Fe2O6 is 1.82 eV. The in-plane
Fe-Fe exchange magnetic interaction is one order of mag-
nitude larger than that between the nearest inter-plane in
the double perovskite block. The calculation results also
show that the important prerequisite for oxygen ion trans-
port in Sr3Fe2O6 involves position exchange of oxygen ions
and oxygen vacancies through the nearest O(1) sites.
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