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First-principles calculations are conducted on a prototype of brownmillerite oxides, that is, Ca2FeAlO5, to
explain and reveal the existence of many structural states, including ones with long periods, having close
energy but rather different physical properties. Examples are polar states with different quantized-like electrical
polarizations and significant linear magnetoelectric coefficients, as well as antipolar phases. These states can
also differentiate themselves by the direction of their predominant antiferromagnetic vector and of their weak
magnetization, which hint towards unusual magnetoelectric effects such as rotating the magnetization by
applying an electric field. All these features can be traced back to the oxygen tetrahedral pattern that is inherent
to brownmillerites, and the energetic easiness to alter such pattern. Furthermore, these features are also found in
other brownmillerites, which emphasizes the generality.
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The class of A2B2O5 brownmillerites, that can be thought
as resulting from the introduction of oxygen vacancies in
the ABO3 perovskite structure, is known to exhibit diverse
and rich properties (note that oxygen vacancies are neutral in
brownmillerites, which can contrast with the case of defects
in perovskites, such as BiFeO3 [1]). Examples include ferro-
magnetism, antiferromagnetism, magnetic frustration, metal-
insulator transitions, colossal magnetoresistance, and different
spin and orbital orderings [2–4]. Brownmillerites can play a
significant role for various technological applications, such as
energy conversion, catalysts, sensors, solid oxide fuel cells,
etc. [5–8].

Strikingly, many structural phases, with rather different
properties, have been reported in various brownmillerite com-
pounds, as shown in Table SI of the Supplemental Material
[9]. For instance, Sr2CoFeO5 [10] and Sr2MnGeO5 [11]
display the high-symmetry paraelectric Imma structure at
ambient conditions. In contrast, Ca2Fe2O5 and Ca2FeGaO5

adopt the antipolar Pnma symmetry, while Ba2InGaO5 [12]
has a polar Ima2 space group symmetry. A more complex
(paraelectric) Pbcm state with doubling of the unit cell along
the c axis was even recently observed at room temperature
in Ca2Co2O5 and Ca2FeCoO5 [13,14]. Furthermore, with
decreasing temperature, Ca2Co2O5 undergoes a reentrant se-
quence of the following first-order structural phase transitions:
Pcmb–P2/c11–P121/m1–Pcmb. Note also that several con-
flicting phases have been suggested for Sr2Co2O5, namely,
Imma, Ima2, and Pnma [15,16]. These diverse symmetries of
phases in A2B2O5 brownmillerites have the potential to result
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in various electronic, electrical, magnetic, and magnetoelec-
tric properties.

One may wonder if there is a microscopic feature that
is responsible for the diversity of such phases, and if such
hypothetical feature can even result in other low-energy
phases that are not yet known but also in precise control of
physical properties in brownmillerites. The goal of this Rapid
Communication is to demonstrate that this is indeed the case.
More precisely, the microscopic feature is the relative ener-
getic easiness of modifying the pattern of oxygen tetrahedral
tiltings of brownmillerites [as shown in Fig. 1(a), the A2B2O5

brownmillerite structure consists of sheets of apex-linked BO6

octahedra interlinked with sheets of BO4 tetrahedral coordi-
nation sites]. Furthermore, this modification results in, e.g.,
(1) long-period and presently unknown structural phases; (2)
quantification of electrical polarization in some polar states;
(3) rotating the easy magnetic axis (of the antiferromagnetic
vector) and the magnetization direction; and (4) potentially
inducing significant and/or unusual magnetoelectric effects.
This work therefore not only successfully explains the di-
versity in symmetry of brownmillerite structures but also
can open a new avenue to design, e.g., novel ferroelectrics,
antiferroelectrics, and multiferroics.

To reveal such striking features, we focused on the classical
brownmillerite Ca2FeAlO5, which is a naturally occurring
mineral form that has been known for more than five decades
[17], and conducted ab initio simulations on it. As indicated
in the Supplemental Material (see Fig. S1 and Table SII), we
considered different types of chemical ordering between Al
and Fe ions for Ca2FeAlO5 brownmillerites, and numerically
found that the ordering for which Al ions are located at the
oxygen tetrahedra layers while the Fe ions are at the center
of the oxygen octahedra provides the lowest total energy
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FIG. 1. Different phases, and some of their characteristics, in
brownmillerites. Panel (a) displays the high-symmetry Imma phase
and its polyhedral pattern, with four different types of oxygen
tetrahedra (denoted as “1”, “2”, “3”, and “4”). Panel (b) shows the
possible tilting of the tetrahedron of type “3” or “4”, that is clockwise
(in orange) versus counterclockwise (in green), which induces an
electric dipole being oriented along b versus −b, respectively. Panel
(c) depicts the tilting pattern for the Ima2, Pnma, Pbcm, and Pmc21

phases, with the tetrahedra of types “1”, “2”, “3”, and “4” being
indicated there too.

among the investigated ones [see Fig. 1(a) for the locations
of oxygen octahedra layers and tetrahedra layers within the
brownmillerite structure]. Such finding is consistent with the
experimental observation that the centers of the oxygen octa-
hedra are in majority occupied by Fe ions (namely, 75% of the
Fe ions are located at such centers [18,19]). Consequently, we
focus here on this specific chemical ordering, and performed
density functional theory (DFT) calculations [20], as detailed
in the Supplemental Material [21–29].

Let us start by investigating, in Ca2FeAlO5, the five struc-
tures that were found to have low energy for Sr2Co2O5

brownmillerites in Ref. [30]. They are the high-symmetry
Imma structure (that has 36 atoms in its unit cell), and the
following four phases that mostly differentiate themselves
from the pattern, along the z axis, of the rotation of the four
types of oxygen tetrahedra denoted as “1”, “2”, “3”, and “4” in
Fig. 1(a) [note that if one takes the center of tetrahedron “1” of
Fig. 1(a) to be at the origin of the coordinates, then tetrahedra
“2”, “3”, and “4” have centers located at about a/2, c/2, and
(a + c)/2, respectively, where a and c are two lattice vectors
of the Imma structure]: Ima2, that has 36 atoms per unit cell
and a “mm/pp” tilting pattern, where “p” and “m” refer to a
positive (clockwise) and negative (counterclockwise) rotation,
respectively, with respect to the trigonometric direction of
rotation, and where the two letters on the left side of the
“/” symbol characterize the tilting of the tetrahedra of types
“1” and “2” within a (001) plane, respectively, while the two
letters on the right side of the “/” symbol represent the tilting
of the tetrahedra of types “3” and “4” within another (001)
plane, respectively; Pnma, that also has 36 atoms per cell
but possesses a “pp/pp” tilting pattern; Pbcm, that has 72
atoms per unit cell and exhibits an “mp/mp” tilting pattern;
and Pmc21-I, that also has 72 atoms in its unit cell but is
characterized by an “mm/mp” tilting pattern. Note that we

use the notation Pmc21-I because other phases having the
same space group of Pmc21 will be discussed later on. It is
also worthwhile to realize that, as shown in Table SI of the
Supplemental Material [9], Imma, Pnma, Ima2, and Pbcm
have been observed in various brownmillerites, while Pmc21-I
was recently predicted to be the ground state for Sr2Co2O5

[30]. Interestingly, out of these five phases, “only” Ima2 and
Pmc21-I can adopt a spontaneous electrical polarization. We
will later explain such fact.

Note also that we considered different spin orders, namely,
ferromagnetic (FM), A-type antiferromagnetic, C-type anti-
ferromagnetic, and G-type antiferromagnetic (G-AFM) for
the Fe cations, and found that this latter magnetic arrange-
ment is preferred for all the aforementioned five phases in
Ca2FeAlO5 (see Table SIII of the Supplemental Material
[9]). We will thus from now on only concentrate on G-AFM
ordering.

Table I reports the total energy of the relaxed Imma, Ima2,
Pnma, Pbcm, and Pmc21-I states for our chosen chemical
atomic arrangement adopting such G-type AFM spin order.
Out of these five states, the antipolar Pnma and polar Ima2
phases are the two lowest-in-energy states in Ca2FeAlO5,
with Ima2 being the lowest one (which is consistent with
some measurements [18,19]) but by only a minute amount
of 1.35 meV per formula unit (of nine atoms). It is also
interesting to realize that experiments observed the Ima2
symmetry for the ground state of Ca2Fe2O5 [31] versus the
Pnma symmetry for the ground state of Ca2Al2O5 [32]. This
explains why Ima2 and Pnma phases are close to each other
in energy in the Ca2FeAlO5 solid solutions. Note too that the
polar Pmc21-I state is also rather close in energy to Ima2,
since it has an energy being only about 4 meV per formula
unit higher than that of Ima2.

Moreover, Table I indicates that the electrical polarization
of the polar Ima2 state lies along along the b axis and has
a P0 magnitude of 2.14 μC/cm2, respectively. Note that this
value is about one order of magnitude smaller than that of
the prototypical proper ferroelectric BaTiO3 (30 μC/cm2)
[33] while it is between one and two orders of magnitude
larger than that of some improper ferroelectrics [34–37].
Interestingly, the Pmc21-I phase also possesses a polarization
along the b axis but with a magnitude that is about P0/2
(i.e., roughly half of that of Ima2), while Imma, Pnma, and
Pbcm have a vanishing overall polarization. All these facts
can be understood by the following rules: (1) (001) layers
having their oxygen tetrahedra of types “1” and “2” tilting
in a counterclockwise (respectively, clockwise) manner gen-
erate electric dipoles pointing along +b (respectively, −b) in
such layers, as a result of the displacement of the Al3+ ion
away from the center of oxygen tetrahedra and along the +b
(respectively, −b) axis; (2) (001) layers having their oxygen
tetrahedra of types “3” and “4” tilting in a counterclockwise
(respectively, clockwise) manner possess electric dipoles ly-
ing along −b (respectively, +b) in these layers, as a result
of Al3+ ions moving in an opposite manner with respect to
the previous case (1) [see schematization in Fig. 1(b); and (3)
an overall electric dipole cannot exist in (001) layers that do
not exhibit tilting of its oxygen tetrahedra or possess an equal
number of “p” and “m” oxygen tetrahedra tiltings among
tetrahedra of types 1 and 2 (or among tetrahedra of types 3
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TABLE I. The lattice constants, a,b,c; the formula unit volume, V; the number of formula units in crystal cell, Z; total energy, E ;
polarization, P; direction of the dominant G-type AFM vector, L; and direction and magnitude of the weak magnetization, M, of Ca2FeAlO5

in various states including ones with long periods. The zero of energy corresponds to the internal energy of the Ima2 state, and P0 is the
magnitude of the polarization in this Ima2 state.

Space group Ima2 Pnma Pmc21-I Pbcm Imma Pmc21-II Pnc2 Pmc21-III

Pattern mm/pp pp/pp mm/mp mp/mp a b c d

a (Å) 5.659 5.648 11.318 11.322 5.600 5.651 5.660 5.652
b (Å) 5.395 5.399 5.397 5.398 5.508 5.399 5.401 5.404
c (Å) 14.497 14.517 14.508 14.508 14.419 29.027 43.472 43.510
V (Å3/f.u.) 110.65 110.68 110.77 110.83 111.18 110.71 110.73 110.75
Z 4 4 8 8 4 8 12 12
E (meV/f.u.) 0.00 1.35 4.01 7.02 357.7 0.72 0.18 −0.09
P (μC/cm2) 2.14(P0) 0 1.21(�P0/2) 0 0 1.17(�P0/2) 0.73(�P0/3) 0.78(�P0/3)
axis of P b b b b b
axis of L a a c c a a a a
axis of M −c −c a a −c −c −c −c
M (10−3μB/f.u.) 4.93 6.23 4.90 4.31 10.5 6.26 4.99 4.82

aNo tetrahedral tiltings in this state.
bmm/pp/pp/pp.
cmm/pp/pp/mm/mm/pp.
dmm/pp/pp/pp/pp/pp.

and 4). Rule (3) naturally explains why the Imma (which has
no oxygen tetrahedra tiltings) and Pbcm (which exhibits the
mp/mp pattern) structures of brownmillerites do not possess
any polarization. Furthermore, the combination of rules (1)
and (2) indicates that any two neighboring (001) oxygen
tetrahedra layers have exactly opposite overall electric dipoles
in the Pnma state (that has a “pp/pp” pattern), therefore
annihilating its macroscopic polarization while producing an
antipolar/antiferroelectric state (that may be of interest for
energy storage [38–40]). Interestingly, rules 1 and 2 also
provide a straightforward explanation of why Pmc21-I has a
polarization being roughly half that of Ima2: this is because
only half of the (001) layers of the Pmc21-I state generate an
overall electric dipole because of its mm/mp pattern while
all the (001) layers of Imma contribute to the formation of a
polarization, as a result of its mm/pp pattern.

Strikingly, rules (1)–(3) can be also used to design brown-
millerites with a preselected magnitude of the polarization. As
a matter of fact, one “just” has to construct structures having
different tilting patterns for oxygen tetrahedra of types “1”,
“2”, “3”, and “4”. For instance, Fig. 2 schematizes the follow-
ing novel patterns: (i) mm/pp/pp/pp, which gives rise to a
phase of Pmc21 symmetry containing 72 atoms per unit cell
and that we denote as Pmc21-II; (ii) mm/pp/pp/mm/mm/pp,
which induces a Pnc2 state having 108 atoms in its unit cell;
and (iii) mm/pp/pp/pp/pp/pp, which yields another phase
of Pmc21 symmetry but with 108 atoms per unit cell and
that we coined Pmc21-III. The application of rules (1) and
(2) to these three states predicts that they should all have a
polarization lying along the +b axis but of magnitude equal
to P0/2 for Pmc21-II versus P0/3 for both Pnc2 and Pmc21-
III. Additional first-principles calculations we performed for
these three long-period phases, and for which results are also
reported in Table I, do confirm that such predictions are rather
accurate, which also demonstrates the power of rules (1)–(3)
for a material-by-design strategy. Table I also reports the
computed total energy of all these phases and reveals that

our ab initio simulations predict that Pmc21-III is likely the
ground state of Ca2FeAlO5 brownmillerites, since it has an
energy being about 0.09 meV lower than that of the simpler
Ima2 state. In fact, Table I indicates that various phases have
similar energy (e.g., within about 1 meV per f.u.), such as
Ima2, Pnma, Pmc21-II, Pnc2, and Pmc21-III, therefore point-
ing to the possibility of finding unusual characteristics in this
system (such as nonergodicity or x rays changing with time
as reported for EuTiO3 [41]). The origin of such similarity in
energy can be traced back to some phonon branches being soft
and flat as a result of easily and “energetically equally” tilting
the oxygen tetrahedra within different patterns, as shown in
Fig. S2 of the Supplemental Material [9].

Let us now focus on the magnetic properties of all afore-
mentioned phases. Such properties are reported for the “sim-
ple” Imma, Ima2, Pnma, Pbcm, and Pmc21-I phases as well
as the longer-period Pmc21-II, Pnc2, and Pmc21-III states in
Table I. Interestingly, all these states possess a weak mag-
netization, M, that arises from the spin-orbit-induced cant-
ing of their antiferromagnetic vector, L. The coexistence of
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FIG. 2. Other polar phases with longer periods, and their tilting
patterns, in brownmillerites. The tetrahedra of types “1”, “2”, “3”,
and “4” are indicated there too.
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this weak magnetization with polarization in Ima2, Pmc21-I,
Pmc21-II, Pnc2, and Pmc21-III therefore makes them multi-
ferroic and highly desirable for some potential applications,
which further emphasizes the importance of brownmillerite
oxides. One can also notice from Table I that two different
magnetic classes exist depending on the orientation of L and
M: Class 1 gathers the paraelectric Imma and Pnma states, as
well as the polar Ima2, Pmc21-II, Pnc2, and Pmc21-III phases,
that all have an easy axis for the G-type antiferromagnetic
vector being along the a axis and a resulting magnetization
lying along the −c axis. Class 2 contains the paraelectric
Pbcm state and the polar Pmc21-I phase, for which L is along
the c axis and M is along the a axis. Interestingly, it appears
that a correlation between oxygen tetrahedra tiltings and the
magnetic class exists for the phases presently investigated:
an equal number of “p” and “m” oxygen tetrahedra tiltings
among tetrahedra of types 1 and 2 (and/or among tetrahedra
of types 3 and 4) within a given (001) layer generates phases
that belong to class 2. Otherwise, the structure belongs to class
1. Note that all the states forming class 1 have similar magni-
tude of the magnetization (namely, about 5–7 mμB/f.u.), at
the sole exception of Imma for which the magnitude of the
magnetization is about 50% bigger. Similarly, the Pbcm and
Pmc21-I states spanning class 2 have magnetization of the
order of 4–5 mμB/f.u.

Interestingly, the existence of these two different classes
hints towards possible striking magnetoelectric effects, such
as, e.g., to rotate both the G-type AFM vector and magneti-
zation by 90◦ if the application of an electric field along the
b axis to the Pmc21-I state (belonging to class 2) allows the
polarization to increase from P0/2 to P0 such as to induce
a transition to Ima2 (that belongs to class 1). Let us also
point out that some of the investigated states also naturally
possess “usual” magnetoelectricity within the same class (i.e.,
without having to undergo a transition between the two afore-
mentioned classes). For instance, the magnetic space group
of the polar Ima2 state is Ima′2′ because of the orientation of
its G-type antiferromagnetic vector and weak magnetization
(associated with class 1). Consequently, its magnetoelectric
tensor should only admit two nonzero and different compo-
nents, which are αyz and αzy. To determine the value of αyz,
we applied a magnetic field along the c axis and computed
the Berry-phase polarization along the b axis as a function
of the magnitude of the magnetic field. Similarly, extracting
αzy consisted in applying a magnetic field along the b axis
and obtaining the c-component polarization as a function of
the magnitude of the magnetic field. As shown in Fig. 3,
these two functions are linear, which allows us to compute
their slopes and thus to predict an αzy being equal to −3.8 ×
10−7 C/(T m2) and αyz being about 1.1 × 10−7 C/(T m2).
These values have nearly the same magnitude as the linear
magnetoelectric coefficients of known transition-metal multi-
ferroics, such as BiFeO3 [42], Cr2O3 [29], LiNiPO4 [29], and
Co3B7O13Br [43]. Note that the large number of atoms in the
unit cell of the other phases shown in Figs. 1 and 2 prevented
us from computing their magnetoelectric tensor, while it is
possible that some of them have an even higher magnitude of
magnetoelectricity. We also obtain the magnetic transi-
tion temperature using the mean-field formula TN = (EFM −
EAFM-G)/6kB, where EFM and EAFM-G are the DFT energy per

FIG. 3. Dependency of the change in polarization of (i) the b
component of the polarization as a function of the magnitude of a
magnetic field applied along the c axis (red data) and (ii) the c com-
ponent of the polarization as a function of a magnetic field applied
along the b axis in the Ima2 state of Ca2FeAlO5 (blue data). Solid
lines show the fittings of these first-principles data by straight lines,
which result in predicting the linear magnetoelectric coefficients to
be αyz = 1.1 × 10−7 C/(T m2) and αzy = −3.8 × 10−7 C/(T m2).

formula unit of the ferromagnetic and G-type antiferromag-
netic states for the Ima2 phase of Ca2FeAlO5, respectively,
and kB is the Boltzmann constant. We numerically found
such transition to be about 429 K, which is consistent with
the measured value of 350 K [44], especially when recalling
that mean-field approaches neglect spin fluctuations and thus
have the tendency to overestimate magnetic transition tem-
peratures. Consequently, Ca2FeAlO5 should be multiferroic
near room temperature with a likely sizable magnetoelectric-
ity, since linear magnetoelectricity typically and significantly
increases when heating the system from 0 K to the Néel
temperature [45–47].

In summary, first-principles calculations conducted on the
classical brownmillerite Ca2FeAlO5 revealed the crucial role
of oxygen tetrahedral tiltings on the diversity of energeti-
cally close phases (including presently discovered long-period
states) having rather different structural, electrical, magnetic,
and magnetoelectric properties. More precisely, we report the
findings that brownmillerite oxides (1) are even more diverse
and richer than currently thought; (2) can exhibit a quantifica-
tion of their electrical polarization via the tuning of the oxygen
tetrahedral tilting pattern; (3) possess a rotating easy magnetic
axis (of the antiferromagnetic vector) and a magnetization
direction changing when going from one phase to another,
via the application of an electric field; and (4) even result
in the creation of room-temperature multiferroic phases with
significant magnetoelectric responses. In fact, we numerically
found (see Table SV of the Supplemental Material [9]) that
such energetically close states exist in several other materials,
such as Ca2Fe2O5, Sr2Fe2O5, and Ca2Al2O5, which therefore
make them general to brownmillerites. We thus hope that the
present study will open a new avenue towards the design
of functional materials and the systematic control of their
properties.
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