
ACTA PHYSICA POLONICA A No. 4 Vol. 147 (2025)

Magnetic and Electric Properties of Ca2Fe2−xAlxO5

Brownmillerites Obtained by Ball Milling

High-Energy Process

T. Luci«skia,∗, E. Markiewicza , B. Andrzejewskia,

M. Pugaczowa-Michalskaa, K. Chybczy«skaa, V.H. Tranb,

R. Idczakc, P. Skokowskia, M. Chrunikd and B. Ko±cielskae

aInstitute of Molecular Physics, Polish Academy of Sciences, M. Smoluchowskiego 17, 60-179
Pozna«, Poland
bW. Trzebiatowski Institute for Low Temperature and Structure Research, Polish Academy of
Sciences, Okólna 2, 50-422 Wrocªaw, Poland
cInstitute of Experimental Physics, University of Wroclaw, pl. Maksa Borna 9, 50-204 Wrocªaw,
Poland
dInstitute of Applied Physics, Military University of Technology, Kaliskiego 2, 00-908 Warszawa,
Poland
eInstitute of Nanotechnology and Materials Engineering, Gdansk University of Technology,
Narutowicza 11/12, 80-233, Gda«sk, Poland

Received: 18.07.2024 & Accepted: 11.02.2025

Doi: 10.12693/APhysPolA.147.289 ∗e-mail: lucinski@ifmpan.poznan.pl

The structural, magnetic, and electric properties of the Ca2Fe2−xAlxO5 (0 ≤ x ≤ 1.2) brownmillerites
prepared by the method of mechanochemical synthesis were examined. It was con�rmed that these
compounds, at least for the Al doping level x ≤ 0.8, adopt the orthorhombic Pnma structure. Undoped
Ca2Fe2O5 brownmillerite exhibits ferromagnetic-like properties up to room temperature. In contrast,
only a marginal ferromagnetic contribution to magnetic properties is observed in samples with Al ad-
dition. The Mössbauer results also suggest that Al atoms substitute for Fe in both tetrahedral and
octahedral positions, resulting in a reduction of the hyper�ne �eld. These results are consistent with
density functional theory calculations, con�rming the Al substitution at two positions in the crystal
structure and the presence of an energy barrier between the favored antiferromagnetic and ferromagnetic
ordering in both Ca2Fe2O5 and Ca2Fe1.75Al0.25O5 compounds. A set of complex impedance measure-
ments on frequency and temperature, along with the analysis of the obtained data within the Nyquist
plot and the models of Arrhenius and Jonscher, yielded information on the conductivity mechanisms, as
well as the contributions of grains and grain boundaries. The addition of Al signi�cantly enhances the
conductivity of Ca2Fe2O5 ceramics, particularly in grain boundaries. However, at high doping levels,
the localization of oxygen holes takes place, thereby increasing the activation energy. The conductivity
mechanism also changes character from di�usive-like below 380 K to hopping-like at higher tempera-
tures.
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1. Introduction

It is well known that metal oxides composed of
transition metals display miscellaneous and very
interesting properties arising from many compet-
itive mechanisms (see, for instance, [1]). Among
these, brownmillerites, being non-stoichiometric
perovskite oxides, attract much attention due to
their potential applications in many areas of en-
gineering and electronics, such as fuel cells, sen-
sors, and membranes, to name only a few (see, for

instance, [1�3] and references therein). In addi-
tion to homogeneous brownmillerite compounds,
the production of an ensemble of perovskite het-
erostructures with brownmillerite can lead to new
and very interesting phenomena [4, 5]. For exam-
ple, one of the most recent applications of brown-
millerite structure is their implementation into
heterostructures with perovskites. Such structures
have exhibited excellent bipolar resistance switch-
ing characteristics and can be applied as resistive
switching random access memory (RRAM), which
is one of the very popular types of memristors [6, 7].
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Fig. 1. Crystal structure of the Ca2Fe2O5 in or-
thorhombic Pnma structure. The structure was vi-
sualized using the VESTA package [24].

Brownmillerite A2B2O5 oxides are formally a
type of perovskite-related compound with an ABO3

structure and oxygen de�ciency. The �rst com-
pound of this type, Ca2AlFeO5, was recognized
as a common component of Portland cement
and was named after Lorrin Thomas Brown-
miller, chief chemist of the Alpha Portland Ce-
ment Company [8]. In 1962, Smith [9] proved
that the Ca2Fe2O5 structure represents the Pnma
space group. Less than a decade later, in 1970,
Colville [10] determined the crystal structure of
Ca2Fe2O5. In 2004, G.J. Redhammer and cowork-
ers [11] examined the structure variation of the
brownmillerite series substituted by aluminum
Ca2(Fe2−xAlx)O5 for 0.0 ≤ x ≤ 1.34. In order to
determine the structure of examined samples, they
used both Mössbauer spectroscopy and X-ray pow-
der di�raction and found that the examined sam-
ples with x up to x = 0.56 exhibit the Pnma
space group of the brownmillerite prototype. How-
ever, samples with x > 0.56 tended to re�ect
the symmetry of I2mb. The evolution of the
Ca2(Fe2−xAlx)O5 structures was also studied by
Colville and Geller [10, 12, 13], while M. Ceretti
and coworkers [14] dealt with the in�uence of phase
transformation on the crystal growth of stoichio-
metric Ca2Fe2O5 and Sr2ScGaO5. They also found
that Ca2Fe2O5 re�ected the Pnma space group.
Unlike Sr2ScGaO5, which exhibited a phase tran-
sition to cubic perovskite at 1400◦C, Ca2Fe2O5 did
not undergo such a transformation.
The variety of brownmillerite properties was re-

ported by N. Abe and coworkers [15], who stud-
ied the magnetic properties of the Ca2(Fe2−xAlx)O5

single crystal for 0.5 ≤ x ≤ 1. They found not only
the spin-�op transition induced by a magnetic �eld
but also the antiferromagnetic transition occur-
ring above room temperature and simultaneous

anomalies in electrical polarization and dielectric
constant. Furthermore, the complex and speci�c
structural, magnetic, and charge transport proper-
ties [2, 3] of brownmillerites appear to be highly de-
pendent on their preparation technology, the most
common of which are conventional solid-state reac-
tion, chemical methods such as wet chemical synthe-
sis, sol�gel, self-combustion, and high-energy me-
chanical milling combined with post-annealing [2].
The latter method was successfully used by Wang
et al. [16] and Amorim et al. [17] to synthesize the
Ca2Fe2O5 brownmillerite, but to our knowledge, its
potential has never been tested to obtain doped
brownmillerites. Therefore, the main intention of
our study was to determine the in�uence of both Al
doping and high-energy mechanical processing on
magnetic, structural, and charge transport proper-
ties of a series of the Ca2Fe2−xAlxO5 samples with
aluminum content of 0 ≤ x ≤ 1.2.

2. Experimental and computational

methods

The investigated samples were prepared by high-
energy ball milling using CaO, Fe2O3, and Al2O3

powder substrates, followed by annealing in air at
800◦C for 6 h. The mechanical milling was per-
formed using a Pulverisette 6 (Fritsch) planetary
ball mill equipped with a zirconia ZrO2 reactor con-
taining 5 ZrO2 balls of 20 mm diameter. The ra-
tio of ball mass to powder mass was 12.5:1. This
stage of the reaction took place in air and at room
temperature (however, the temperature of the pow-
der substrates reached about 80◦C during milling).
Di�erent milling times were tested, ranging from 5
to 40 h. The optimal processing time was 9 h, as
it ensured a good quality of the �nal product with
some amount of zirconium always added due to the
abrasion of the reactor and the zirconia balls. Af-
ter initial milling followed by the stage of annealing,
the resulting powders were cold-pressed into tablets
and then resintered in air and at 800◦ for 24 h.
The polycrystalline structure of all samples was

characterized by Cu Kα X-ray di�raction (XRD)
measurements. The magnetic measurements, such
as the temperature dependence of magnetic moment
and magnetic hysteresis loops, were recorded using
a Quantum Design Physical Property Measurement
System (PPMS) equipped with a VSM (Vibrating
Sample Magnetometer). Magnetic characterization
of all samples was supplemented by Mössbauer spec-
troscopy measurements performed at room temper-
ature. The temperature dependencies of alternating
current electric conductivity and impedance spec-
tra of the samples were recorded using an Alpha-
A high-performance frequency analyzer combined
with Quatro Cryosystem for temperature control.
The range of frequency used was varied from 1 Hz
to 1 MHz.
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Electronic structure calculations were applied to
describe the ground state properties of Al-doped
Ca2Fe2O5 brownmillerites, with particular empha-
sis on the Ca2Fe1.75Al0.25O5 compound. The cal-
culations were performed using the projector aug-
mented wave method (PAW) [18], which is imple-
mented in the Vienna ab initio Simulations Package
(VASP) [19, 20]. Wave functions were represented in
a plane-wave basis truncated at 520 eV. In the calcu-
lations, we used the orthorhombic cell (Pnma space
group) with 36 atoms (Fig. 1, see also [21]). The cell
and the atomic coordinates were optimized until the
residual forces acting on constituent atoms (i.e., Ca,
Fe, Al, O) became smaller than 10−6 eV/Å. The
Brillouin zone (BZ) integrations were performed us-
ing a 7 × 5 × 7 Monkhorst-Pack k-points mesh.
Moreover, a total energy convergence threshold
of 10−6 eV was taken into account. The calculations
were performed within the recently developed non-
empirical strongly constrained and appropriately
normed (SCAN) meta-generalized gradient approx-
imation (meta-GGA) [22]. The GGA introduces a
dependence on the electron density gradient, which
improves the description of examined systems com-
pared to the local density approximation (LDA).
However, the meta-GGA also includes a dependence
on the Laplacian of the density and the Kohn�Sham
kinetic energy density. Importantly, the SCAN func-
tional satis�es all the 17 known constraints of an
exchange-correlation functional, whereas GGA does
not satisfy them [23].

3. Results and discussion

Figure 2 (see also [24]) shows examples of XRD
measurements for the Ca2Fe2O5, Ca2Fe1.6Al0.4O5,
and Ca2Fe1.2Al0.8O5 samples. Rietveld analysis for
these samples indicated the presence of the or-
thorhombic Pnma structure with similar values of
the lattice parameters (see Fig. 2). More details of
the Ca2Fe2O5 crystal structure with Pnma unit cell
are visualized in the graphics in Fig. 1. As can be
seen, the structure contains eight Ca atoms, eight
Fe atoms, and twenty O atoms.
Figure 3 presents the magnetic moment versus

applied magnetic �eld and temperature (m(H) and
m(T ), respectively, in arbitrary units a.u.) for sam-
ples with aluminum content of x = 0, x = 0.4,
and x = 1.2. These results prove that the addi-
tion of Al signi�cantly changes the character of both
m(H) andm(T ) dependencies and that only the un-
doped (x = 0) compound exhibits ferromagnetic-
like behavior up to room temperature. The con-
clusion about the ferromagnetic-like properties of
the Ca2Fe2O5 compound without no aluminum ad-
mixture is also supported by the m(H) measure-
ments, which show the existence of apparent hys-
teresis loops for x = 0 up to 300 K. It should be
noted that the marginalm(H) hysteresis loops were

Fig. 2. X-ray di�raction patterns for the
Ca2Fe2O5, Ca2Fe1.6Al0.4O5, and Ca2Fe1.2Al0.8O5

samples. Open symbols denote XRD data and solid
lines are �ts of theoretical models performed in the
FullProf software [24]. The lattice parameters a, b,
and c of the orthorhombic Pnma crystal structure
are presented. The XRD intensity is expressed in
arbitrary units (a.u.).

also observed for samples with x > 0, but their con-
tribution to the overall m(H) curve was de�nitely
less pronounced.
Figure 4 represents the results of Mössbauer spec-

tra measurements for Ca2Fe2O5 as-prepared, an-
nealed, and Al-doped compounds at room temper-
ature. The spectra of undoped brownmillerites are
composed of two sextets, while the blue compo-
nent corresponds to the octahedral position of Fe+3

ions (see Table I) whereas the red component corre-
sponds to its tetrahedral position, i.e., the smaller
isomer shift (IS) corresponds to the tetrahedral po-
sition, and larger IS stands for octahedral positions
of the Fe+3 ions. The relative contributions of both
sextets are very similar, and the acquired Möss-
bauer parameters have very similar values to those
reported in [3]. For Al-doped samples, the two ad-
ditional sextets appear with very broad lines and
a lower hyper�ne �eld BHF . Our Mössbauer re-
sults suggest that the occurrence of Al atoms in the
base Ca2Fe2O5 structure decreases the BHF , and Al
atoms replace Fe atoms in both tetrahedral and oc-
tahedral positions. However, they more frequently
�prefer� the tetrahedral positions than the octahe-
dral positions, i.e., 18% and 14% of the Fe atoms
in the tetrahedral and octahedral positions, respec-
tively, are replaced by Al in the sample with x = 0.4
and 27% and 22% in the respective positions in the
sample with x = 0.8.
The results found for Ca2Fe0.8Al1.2O5 seem to be

similar to those obtained for the Ca2Fe1.6Al0.4O5

sample. The most puzzling result is that the sam-
ples with x ̸= 0 exhibit the magnetic moment only
at very low temperatures, and the hysteresis loop
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Fig. 3. The m(H) and m(T ) dependencies for samples with x = 0, x = 0.4, and x = 1.2 for di�erent
temperatures. The values of the magnetic moment of di�erent samples measured at T = 0 are normalized to 1.
The moment is expressed in arbitrary units (a.u.).

Fig. 4. The Mössbauer spectra of Ca2Fe2−xAlxO5

measured at room temperature.

is almost absent at higher temperatures. This is
in contrast with the Mössbauer results recorded at
room temperature, where the typical spectra re�ect-
ing ferromagnetic, antiferromagnetic, or even ferri-
magnetic ordering were found for all examined sam-
ples with aluminum content of 0 ≤ x ≤ 1.2.

The measurements of the electric alternating cur-
rent (AC) conductivity σac presented in Fig. 5a
and b show that at low frequencies, all investi-
gated samples exhibit a plateau in the dependence
of conductivity on frequency, which is a character-
istic feature of the direct current (DC) conductivity
σdc satisfying the Arrhenius equation expressed in
terms of reciprocal temperature, i.e., ln(σdc/σ0) =
−Ea/(kBT ) where σ0 is a constant and kB is the
Boltzmann constant. The activation energies of con-
ductivity for samples with Al content varying from
0 to 1.2 have been found by �tting this equation to
the data in Fig. 5d.

For further analysis, the Jonscher equation σac =
σdc +Aωs was �tted to the experimental results of
the conductivity measurement (Fig. 5a�b), and Jon-
scher's exponent s, which indicates the character of
conductivity mechanism, was calculated (Fig. 5c).
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TABLE IThe �tting parameters of the Mössbauer spectra from Fig. 4.

Sample Component IS [mm/s] QS [mm/s] BHF [T] C [%] Γ [mm/s]

Ca2Fe2O5 annealed
blue sextet 0.355(2) −0.522(4) 50.8(1) 51.5(2) 0.34(1)

red sextet 0.183(2) 0.716(3) 43.2(1) 48.5(2) 0.32(1)

Ca2Fe2O5

blue sextet 0.360(4) −0.530(6) 50.9(1) 50.9(2) 0.32(1)

red sextet 0.186(4) 0.716(5) 43.3(1) 49.1(2) 0.29(1)

Ca2Fe1.6Al0.4O5

blue sextet 0.358(4) −0.554(5) 50.8(1) 35(1) 0.30(1)

second blue sextet 0.37(2) −0.63(5) 48.5(2) 14(1) 0.74(3)

red sextet 0.185(4) 0.714(5) 43.3(1) 33(1) 0.29(1)

second red sextet 0.15(2) 0.75(4) 41.0(2) 18(1) 0.86(3)

Ca2Fe1.2Al0.8O5

blue sextet 0.355(5) −0.553(6) 50.5(2) 28(1) 0.33(1)

second blue sextet 0.34(2) −0.64(5) 47.1(3) 22(1) 0.85(3)

red sextet 0.181(5) 0.706(6) 43.0(2) 23(1) 0.29(1)

second red sextet 0.16(2) 0.64(6) 40.0(3) 27(1) 1.00(3)

Ca2Fe0.8Al1.2O5

blue sextet 0.355(5) −0.552(6) 50.6(2) 35(1) 0.31(1)

second blue sextet 0.34(1) −0.71(4) 47.8(5) 13(1) 0.74(3)

red sextet 0.182(5) 0.715(6) 43.1(2) 32(1) 0.28(1)

second red sextet 0.16(1) 0.65(5) 40.6(4) 20(1) 0.96(3)

Fig. 5. The examples of AC conductivity dependence on frequency for various temperatures and samples
with Al content x = 0.0 and 1.2 together with �tting to Jonscher equation (a, b). Panel c shows the values of
Jonscher's exponent s. Panel d represents the values of DC conductivity versus reciprocal temperature for all
examined samples.
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Fig. 6. Nyquist plots for Ca2Fe2O5 and CaFe1.6 Al0.4O5 samples and deconvolution of the complex impedance
to the grain and grain boundary contributions represented by the red and green semicircles, respectively
(panels a and b). Panel c presents activation energies Ea of total σdc conductivity and oxygen ion conduction
in grains and grain boundaries.

For each sample, two characteristic temperature
ranges were observed. Below ∼ 380 K, the s expo-
nent decreased, and above ∼ 400 K, it increased.
The calculated values of s (varying between 0.5
and 0.9 depending on x and temperature range)
show that at lower temperatures (below 380 K) the
conductivity has a di�usive character, whereas at
higher temperatures, it becomes more hopping-like.
The sample with x = 0.4 is characterized by the
lowest value of s in the low temperature and also by
the lowest temperature range at which the plateau
associated with σdc conductivity appears.
Figure 5d represents the DC conductivity σdc

versus reciprocal temperature for all examined
samples.
The activation energy Ea of σdc conductivity cal-

culated based on the Arrhenius plot changes from
0.21 to 0.37 eV for the samples with di�erent con-
tent of Al (Fig. 6c). The sample with x = 0.4 is
characterized once again by the lowest activation
energy.
The contributions of grains and grain boundaries

to total conductivity can be determined using the
Nyquist plots of complex conductivity Z ∗ (ω) =
Z ′(ω) − iZ ′′(ω) (where Z ′ is real and Z ′′ is imag-
inary component), as shown in Fig. 6a and b for
pure Ca2Fe2O5 and CaFe1.6Al0.4O5 samples, re-
spectively. The doping with aluminum exerts a sub-
stantial e�ect on the real part of the impedance
Z ′(ω), resulting in a decrease in resistivity by more
than two orders of magnitude in the sample with
an aluminum content of 0.4. The deconvolution of
the Nyquist plots reveals two semicircles related
to the grain and grain boundary contributions to
complex impedance. The grain boundary contribu-
tion represented by the green semicircles is domi-
nant in the case of pure Ca2Fe2O5, whereas in all
doped samples dominates grain contribution to the
total resistivity, represented by the red semicircles
in Fig. 6. This means that in doped samples, the
Al content at the grain boundaries is higher than
in the grain interiors, resulting in a lower resistivity

of the former. Within the lower temperature range
(below ∼ 380 K), the activation energies of the pro-
cesses in grains and grain boundaries are very sim-
ilar for x = 0.3, 0.4, and 0.5 with the minimum en-
ergy of 0.30 eV for the sample with x = 0.4 (see
Fig. 6c). At higher temperatures, the energy re-
quired for the process in grain boundaries is higher
than that required for the process in grains. The
sample with Al content x = 0.4 seems to be the
one in which the processes (oxygen ion conduction)
require the lowest activation energy. This fact can
be explained by assuming that at lower concentra-
tion of the dopants, the oxygen vacancies are ran-
domly distributed and cannot interact with each
other. In this case, oxygen can easily di�use, which
is likely to occur in the CaFe1.6Al0.4O5 compound
with an Al content x = 0.4. However, when the
vacancy concentration increases, oxygen vacancies
start to interact and form an ordered arrangement.
Due to the two-dimensional structure of brownmil-
lerite, the oxygen ions cannot di�use to the adjacent
layers.
In a typical brownmillerite structure, there are

unique octahedral B1 and tetrahedral B2 sites ar-
ranged in layers parallel to the long axis (b axis in
Pnma structure in Fig. 1), whereas for compounds
with di�erent B1 and B2 ions, interlayer site or-
dering is observed. In fact, this structure type can
accommodate both intra- and interlayer cation site
ordering. To answer questions concerning the de-
tails of the crystal structure and site preferences for
Al in Ca2Fe2O5, a density functional theory (DFT)
study of both Ca2Fe2O5 and Ca2Fe1.75Al0.25O5 was
performed. For the calculations, it was assumed that
the unit cell of the Ca2Fe2O5 base structure consists
of four formula units (4 f.u.) in the Pnma phase.
Figure 1 presents a schematic drawing of the Pnma
unit cell of Ca2Fe2O5 brownmillerite with eight Ca
atoms, eight Fe atoms, and twenty O atoms. In
Wycko� notations, the eight Fe atoms occupy (4a)
and (4c) sites, while eight Ca atoms occupy (8d)
sites, and twenty O atoms occupy both (8d) and
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(4c) sites.

TABLE II

Calculated a, b, c lattice parameters (in Å) and the bond angles of Fe�O�Fe (in degrees): ΘT = Fe2�O�Fe2,
ΘO = Fe1�O�Fe1, and ΘOT = Fe1�O�Fe2 for Ca2Fe2O5 and Ca2Fe1.75Al0.25O5 for G-AFM magnetic order.

Sample a [Å] b [Å] c [Å] ΘT [◦] ΘO [◦] ΘOT [◦]

Ca2Fe2O5 5.403 14.708 5.571 126.44 165.32 140.31
Ca2Fe1.75Al0.25O5 Al(4c) (0.448, 1/4, 0.568) 5.388 14.626 5.583 126.038 166.1456 140.6651
Ca2Fe1.75Al0.25O5: Al(4a) (0,0,0) 5.365 14.751 5.526 125.8564 165.1780 143.2371

Fig. 7. The total density of states (DOS) of Ca2Fe2O5 in Pnma structure with G-AFM. The green and blue
lines indicate the atomic contribution of Fe in octahedral and tetrahedral coordination, respectively. The gray
line shows a sum of the atomic DOS contribution of oxygens. The positions occupied by Fe atoms (Fe1 and
Fe2) in the cell are indicated in the right frame.

We realize that DFT calculations are restricted
to 0 K. Thus, in calculations for Ca2Fe2O5, we con-
sidered both ferromagnetic (FM) and antiferromag-
netic G-type (G-AFM) collinear spin ordering on
the Fe atoms with the magnetization pointing along
the b axis. In the G-AFM type of arrangement of
the unit cell of the brownmillerite, both the intra-
plane and inter-plane coupling between Fe cations
are antiferromagnetic. The total energy di�erences
of two di�erent magnetic orders (FM and G-AFM)
calculated for parent Ca2Fe2O5 in Pnma structure
is 28.9 meV/atom (or ∼ 335 K). Thus, it can be
concluded to some extent that from the DFT level,
ferromagnetic spin alignment of Fe atoms could oc-
cur at slightly above room temperature. This is con-
sistent with our experimental results (see Fig. 3).
In order to study the electronic structure of

Ca2Fe1.75Al0.25O5 brownmillerite, two kinds of in-
equivalent sites for Al atom (4a) (octahedral site)
and (4c) (tetrahedral one) are taken into considera-
tion in the unit cell of Pnma. We substitute one of
the Fe cations in the unit cell of parent Ca2Fe2O5

with one Al atom. The cell shape, internal atomic
positions, and volume were re-optimized during the

structural relaxations in both cases (Al in octa-
hedral site and Al in tetrahedral site). Here, we
note that the calculations carried out for the doped
brownmillerite with Ca2Fe1.75Al0.25O5, assuming
FM magnetic order, show that the total energy of
the system will increase by at least 40 meV/atom
compared to the G-AFM case. For this reason, we
will further consider only the G-AFM magnetic
order.
We found that the energy di�erence between the

two Ca2Fe1.75Al0.25O5 systems with Al in octa-
hedral coordination and Al in tetrahedral one is
about 2.37 meV/atom. The proximity of these total
energies can be explained by the coexistence of both
Al coordination in Ca2Fe1.75Al0.25O5 and is thus
consistent with our observation from the Mössbauer
experiment. The calculated lattice parameters and
the bond angles of Fe�O�Fe of the Ca2Fe2O5 and
Ca2Fe1.75Al0.25O5 for relaxed Pnma structure with
G-AFM order are presented in Table II.
In the unit cell of brownmillerite (Pnma struc-

ture), the Fe atoms fall into two sets, namely four
in octahedral coordination with Fe−O bond dis-
tances ranging from 1.9541 to 2.1037 Å and four in
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Fig. 8. The orbital resolved density of 3d states of
Fe in tetrahedral and octahedral oxygen coordina-
tion in Ca2Fe1.75Al0.25O5.

tetrahedral environments with Fe�O bond distances
ranging from 1.8365 to 1.9009 Å for Ca2Fe2O5.
The FeO6 octahedra are not connected out-of-plane
(along the b axis), which causes the apical oxygen
atoms to displace more than the equatorial ones. In
Ca2Fe1.75Al0.25O5, the bond lengths of the Fe1 with
some apical oxygen increase to 2.175 Å and 2.128 Å
when the Al atom is located in tetrahedral and oc-
tahedral oxygen coordination, respectively.
The magnetic arrangement of the Fe spins can

be described as a G-type magnetic structure with
antiferromagnetic (AFM) layers of FeO6 octahe-
dra alternating along the a direction with AFM
layers of FeO4 tetrahedra; the coupling of the oc-
tahedral and tetrahedral layers is also AFM. The
calculated density of states (DOS) of Ca2Fe2O5

(with G-AFM magnetic order) projected onto Fe-3d
states is shown in Fig. 7. We found that the use of
the meta-GGA [18] for Ca2Fe2O5 drove the insu-
lating band structure. The value of the band gap
is 1.104 eV. The charge-transfer character of the
band gap can be noticed by observing the O-2p
character of the states close to the Fermi level
and the large Fe-3d character of the conduction
band. The top of the valence band is dominated
by Fe(4a)-3d and O-2p states, while the Fe(4c)-3d
states are pushed about 1 eV below the Fermi en-
ergy. On the other hand, the bottom of the conduc-
tion band is due to the 3d states of both Fe(4a) and
Fe(4c) and O-2p states.

The results of our DFT calculation show that the
hybridization between Fe-3d bands and O-2p or-
bitals in the studied Ca2Fe2O5 insulator leads to
the formation of a ligand hole in the surroundings
of some O ions. In the Ca2Fe2O5, the magnetic
moment is only induced on the O ions (approxi-
mately 0.11 µB) that are located in apical positions
of FeO6 and FeO4 cages (i.e., along b axes). How-
ever, in Ca2Fe1.75Al0.25O5, the polarization of the
O anions can also be noticed by observing the de-
pletion of spin-down (or spin-up) states close to the
Fermi level in the DOS of the O atoms that are lo-
cated at both apical and equatorial oxygen positions
of FeO6 or FeO4. For the equatorial oxygen atoms,
the induced magnetic moments are about 0.12 µB.
Due to the substitution of Al for Fe in the (4a) or
(4c) position in the Pnma structure of Ca2Fe2O5,
the value of the band gap decreases to 0.762 eV or
1.013 eV, respectively.
The magnetic moments of Fe1(4a) and Fe2(4c)

are found to be ±3.98 µB and ±3.89 µB, respec-
tively. The presence of two di�erent Hhf originating
from Fe with the tetrahedral oxygen and octahedral
oxygen coordination corresponds to the orbital re-
solved density of 3d states of Fe1(4a) and Fe2(4c).
Due to the octahedral environment, the 3d states of
Fe1(4a) are broadly split into t2g(dxy, dyz, dxz) and
eg(d3z2−r2 , dx2−y2) states along the whole valence
band from the bottom of the valence band to 0 eV
(as marked in Fig. 8). However, the tetrahedral oxy-
gen coordination of Fe2(4c) provides a split into e
and t2 states from the bottom of the valence band
to the energy of about −1.22 eV.

4. Conclusions

The structural, magnetic, and electronic trans-
port properties of Ca2Fe2−xAlxO5 structures were
examined. The XRD measurements revealed that
all these compounds, at least for x ≤ 0.8, had or-
thorhombic Pnma structures. Using magnetometric
measurements, we found that undoped Ca2Fe2O5

brownmillerite shows ferromagnetic-like behavior
up to room temperature, while the addition of Al
signi�cantly changes the magnetic properties of this
compound, and only the marginal ferromagnetic
contribution to the magnetic properties could be
observed for samples with x > 0. This is in line
with the DFT calculation that proved that the
G-AFM magnetic ordering is energetically favored
in both Ca2Fe2O5 and Ca2Fe1.75Al0.25O5. How-
ever, the energy barrier between the G-AFM and
FM in Ca2Fe2O5 is of the order of magnitude of
28.9 meV/atom only. Nevertheless, the fact that the
energy barrier increases (at least to 40 meV/atom)
in the doped Ca2Fe1.75Al0.25O5 compound is taken
into account. The Mössbauer results suggest that
the occurrence of the Al atoms in the base struc-
ture lowers the hyper�ne �eld, and Al substitutes
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Fe atoms in both tetrahedral and octahedral posi-
tions. Moreover, from DFT calculations, the small
di�erence (∼ 2.37 meV/atom) in total energy of
Ca2Fe1.75Al0.25O5 with Al in both tetrahedral and
octahedral coordination allowed us to conclude that
both coordination occur with equal probability.
From the same calculations, it was also found that
for Ca2Fe2O5, the magnetic moments of Fe1(4a)
and Fe2(4c) are ±3.98 µB and ±3.89 µB, respec-
tively, and that some magnetic moment is induced
only on the O ions (of about 0.11 µB) located in
apical positions of FeO6 and FeO4 cages. This is
di�erent from the doped Ca2Fe1.75Al0.25O5 com-
pound, where the equatorial oxygen atoms also ex-
hibit magnetic moments about of 0.12 µB. Com-
paring the DFT calculations with the experimental
results, which show marginal ferromagnetic prop-
erties in Al-doped compounds, we realize that our
calculations were performed for ideal static systems,
where the atoms are �xed in their crystallographic
positions in the base structure without temperature
�uctuations, but in fact, there is a larger disorder
in the prepared sample, which we are only able to
partially take into account in the DFT calculations.
The AC electric conductivity measurements data

σac showed at low frequencies a characteristic
plateau in the dependence of conductivity on fre-
quency for all samples studied, due to the signi�-
cant contribution of the DC conductivity σdc. The
analysis of these data within the Arrhenius and
Jonscher models con�rmed that at lower temper-
atures (below 380 K), the conductivity has a dif-
fusive character, while at higher temperatures, it
becomes more hopping. It turned out that for a
sample with Al content x = 0.4, oxygen ion conduc-
tion processes required the lowest activation energy.
This behavior was explained by the assumption that
the number of free oxygen vacancies increases with
the doping level; however, at high doping, the mu-
tual interactions between vacancies lead to the lo-
calization and ordered distribution of oxygen holes.
The DFT calculation con�rmed that even for the
undoped Ca2Fe2O5 insulator, the hybridization be-
tween Fe-3d bands and O-2p orbitals leads to the
formation of ligand holes in the surroundings of
some O ions.
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